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Perovskite cobalt oxides with formula R1-xAxCoO3, where R is a trivalent rare earth 
ion and A is divalent cation, show many interesting physical properties such as 
ferromagnetism, magnetoresistance, magnetostriction, spin state transition, Seebeck 
effect, anomalous hall effect, etc. due to spin and lattice degrees of freedom.  
In this thesis, we investigate dc magnetotransport, magnetocaloric and 
thermoelectric properties of selected cobaltites. The investigated systems include: 
Nd1-xSrxCoO3 (x= 0- 0.5), Nd1-y-xLaxSryCoO3 (x = 0- 0.8 for y = 0.2 and x = 0-0.7 
for y = 0.3) and R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, Eu, Gd). We discuss the possible 
origins of observed effects.  
Nd1-xSrxCoO3: For 0.2 ≤ x ≤ 0.5, samples show second-order paramagnetic (PM) to 
ferromagnetic (FM) with Curie temperature changes from 95 K to 228 K. 
Interestingly, a down term in the magnetization is found at low temperature (T*) 
much below TC.  The down term is due to ferrimagnetic interaction between Nd(4f) 
and Co(3d) sublattices. Effect of magnetic field on T* is studied for specific 
compositions. T* enhances with increasing magnetic field up to critical strength in 
x = 0.5 and M-reversal is observed i.e. Nd moment aligns parallel to applied field 
direction. Resistivity is studied for all compositions. System shows semiconducting 
behaviour for 0.0 ≤ x ≤ 0.2 and metallic nature is observed for 0.3 ≤ x ≤ 0.5. While 
magnetoresistance (MR) is negligible in semiconductor samples, appreciable MR is 
observed for metallic samples. Thermopower is studied in detail as function of 
doping, temperature and magnetic field and a possible correlation between 
magnetoresistance and magneto Seebeck effect is investigated. 
   
viii 
 
Nd1-y-xLaxSryCoO3: Band width effect is studied with doping of a non-magnetic ion 
(La3+) at R site. Systematic change in TC and T* is observed. Metal insulator 
transition is found with critical doping of La3+ ion. Systematic study of MR is 
reported in this chapter. Seebeck coefficient is studied as a function of La3+ doping 
as well as the effect of magnetic field is also explored.  
R0.5Sr0.5CoO3: In this chapter we have studied the effect of different rare earth ions 
on magnetic, electrical, thermo-electrical and magnetocaloric properties. Gradual 
change in TC is observed with decreasing ionic radius.  Resistivity and 
magnetoresistance is studied as a function of different rare earth ions. Thermopower 
in zero field and effect of magnetic field on thermopower are explored. 
Magnetocaloric effect is studied for selected compounds (R = Nd, Gd), normal and 
inverse magnetocaloric effect (MCE) (R = Nd) are observed. Large value of ∆Sm is 
found for R = Gd at cryogenic temperature. MR, MCE and magnetothermopower 
(MTEP) in Gd0.5Sr0.5CoO3 system is different from other rare earth ions because of 
the narrow t2g and eg bands and low spin/low spin combination of Co
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Chapter 1. Introduction 
 
Jonker and Van Santen [1] were the first to synthesize and report magnetic and 
electrical properties of Co-based oxides (La1-xSrxCoO3) having perovskite 
structure. It was only the second family of transition metal oxides discovered at 
that time to show ferromagnetism and metallic behavior of resistivity (i.e., 
resistivity decreases with decreasing temperature) in a single phase. The other 
family was manganites (La1-xSrxMnO3) which was also synthesized by Jonker 
and Van Santen [2]. Even now most of other transition metal (3d series in the 
periodic table) oxides are either non-magnetic or antiferromagnetic. For 
example, LaCrO3, LaFeO3 are antiferromagnetic insulators whereas LaNiO3, 
LaCuO3 are Pauli paramagnetic metals, CrO2 is ferromagnetic but it has rutile 
structure. SrRuO3 is a 4d ferromagnet. It was proposed that mixed valance states 
of transition metal ions (Co3+/Co4, Mn3+/Mn4+) are essential to understand 
ferromagnetism and electrical conductivity. Since adjacent transition metal 
cations in perovskite structure are bridged by oxygen (O2-) cations, direct 
magnetic interaction between transition metal ions are weak and the magnetic 
interaction between two transition metal cations has to be mediated through the 
intervening oxygen. Clarence Zener proposed his famous double exchange 
interaction model (DEX) [3] to explain simultaneous occurrence of 
ferromagnetism and metallcity in La0.7Sr0.3MnO3.   
 Research on  perovskite cobaltites and manganites during the period '50 
to 90'  focused mainly on two frontiers: (1) understanding the influence of 
structural details on magnetism and electron localization-delocalization 
transition and subsequently on electrical resistivity in the absence of magnetic 
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field [4] [5] [6] and (2) studies on catalytic activity and performance as cathode 
materials for solid oxide fuel cells [7] [8].  It is the discovery of colossal 
magnetoresistance in certain manganites (La0.67Ba0.33MnO3 [9], Nd0.5Pb0.5MnO3 
[10], La0.7Ca0.3MnO3 [11] [12] in early and mid 90's that ignited interest in 
exploring the effect of magnetic field on electrical transport.  Magnetoresistance 
in La1-xSrxCoO3 series was first reported by Mahendiran et al., [13] [14] and  
Yamaguchi et al., [15] independently. Magnetoresistance in manganites has 
been extensively investigated as a function of carrier concentration (x) and 
different rare earth ions (La, Pr, Nd etc.). However, investigations in 
magnetoresistance in rare earth cobaltites other than for La are relatively few 
even now.  External magnetic field could influence thermal properties like 
thermoelectric power (known as thermopower or Seebeck effect) and thermal 
conductivity.  However, baring one report on La0.8Sr0.2CoO3, [16] there is no 
detail investigation on the effect of magnetic field on thermopower in cobaltites. 
This thesis work focuses on magnetic, electrical and thermo electrical 
properties of hole doped NdCoO3 compounds in zero and non-zero magnetic 
fields. We give a brief overview of structural and physical properties of rare 
earth cobaltites in the following sections. In the subsequent sections, an 
extensive literature review related to the topic will be discussed followed by the 
objectives of the thesis. 
1.1 Perovskite cobaltites (R1-xAxCoO3) 
1.1.1 Crystallographic structure 
Perovskite cobaltites  have a general formula of R1-xAxCoO3, where R is a 
trivalent rare earth ion (La3+, Pr3+, Nd3+, Sm3+) and A  is a divalent alkaline earth 
(Sr2+, Ca2+, Ba2+). The structure of  perovskite cobaltites can be represented 
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using a unit cell with A and R-site ions occupying the corners (0, 0, 0), B-ions 
occupying the body centre (½, ½, ½) and the oxygen ions occupy the face centre 
(½, ½, 0), as shown in Fig. 1.1.A Simple cubic structure is not always realized 
because of the size difference of the ions in the structure. For example, RCoO3 
shows a rhombohedral distorted cubic crystal structure with R-3c space group 
[17] and  for R = Pr, Sm, Gd, cobaltite shows the orthorhombic distortion of 




   
 
 Figure 1.1: Crystallographic structure of perovskite cobaltite (a) Ideal cubic, (b) 
Rhombohedral  LaCoO3, and  (c) Orthorhombic NdCoO3. Reconstructed from 
Ref. [20] [21]. 
 
In general, structure of perovskite system changes from high symmetry 
(cubic) to low symmetry (orthorhombic or monoclinic) with decreasing rare 
earth ion radius, which causes a chemical pressure, acting on CoO6 octahedral , 
resulting a change in the bond length as well as the bond angle between Co-O. 
The changes in bond angle and bond length influence both electrical and 
magnetic properties of the system. The change of structure of these cobaltite’s 







properties like  magnetism, resistivity etc. The detailed analysis of the Co-O 
bond lengths and Co-O-Co bond angles of La1-xSrxCoO3 series have studied 
extensively in the literature. A decrease in the Co-O distance and increase in the 
Co-O-Co angle was observed for x < 0.30 [22]. The rhombohedral distortion is 
measured by the deviation of Co-O-Co angle from 180º, whereas the deviation 
of the O-Co-O angle from 90º gives the distortion of CoO6 octahedral. For the 
substitution of La3+ by alarger size Sr2+cation, the rhombohedral distortion 
gradually decreases.  
1.1.2 Electronic structure and spin state transition 
 
Co3+ ion has 6 electrons in its 3d orbital. In free space, the 3d energy 
level is a 5 fold degenerate.  In perovskite structure, Co3+ ion is surrounded by 
other ions (oxygen) which createan electrostatic field called crystalline electric 
field or crystal field(CF). The relevant Hamiltonian can be written as below-  
                                               𝐻 = 𝐻0 + 𝐻𝑒𝑙−𝑒𝑙 + 𝐻𝑆𝑂 + 𝐻𝐶𝐹                           (1.1) 
where H0 is the kinetic energy of the electrons of Co atom.  
 
 
Figure 1.2: Left: Arrangement of oxygen ions around the Co ion in a cartesian 
coordinate system. Right: Angular dependence of the electron distribution in six 




Hel-el is the interaction of electron in Co atom, HSO is the spin orbit coupling and 
HCF is the influence of crystal field (repulsion between electrons of Co atom and 
surrounding O atom).  For transition metals, spin orbit coupling is a weak 
interaction while dominant interactions will be HCF and Hel-el. There will be two 
conditions: (1) weak crystal field i.e. Hel-el > HCF and (2) strong crystal field i.e. 
HCF > Hel-el. 
 
        Figure 1.3: Splitting of 3d energy levels in cubic environment provided by 
oxygen octahedron. Reconstructed from Ref. [23]. 
 
The 3d orbitals are not spherical symmetric as shown in Fig. 1.2 (right). 
In perovskite structure, Co atom is surrounded by oxygen octahedral as shown 
in Fig. 1.2 (left). Depending on the symmetry, the orbital overlap of Co electrons 
with oxygen electrons can be different. The degenerate 3d orbitals split in to 
two classes: t2g orbitals (dxy, dyz, dzx) and eg orbitals (dx
2-y
2 and dz
2) as shown in 
Fig. 1.3.  In the space, the 3d energy levels of Co3+ ion is five fold degenerate. 
The cubic environment provided by oxygen octahedron surrounding the Co ion 
can lift the orbital degeneracy of Co3+ ions. The overlap of O orbitals with Co 
orbitals is smaller than eg orbitals, causing t2g orbitals to have lower energy 
compared to eg orbitals. The energy difference between eg and t2g orbitals is 
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called crystal field energy (∆CF). Further splitting of the orbitals can occur if the 
octahedron are elongated along a certain direction due to Jahn Teller distortion 
as shown in Fig. 1.3.  
 
           Figure 1.4: Spin state of Co3+ ion in LaCoO3. Reconstructed from Ref. [24] 
 
One of the astonishing properties of RCoO3 perovskite cobaltite is the 
spin state transition i.e., Co ion can access different spin states like low spin 
(LS, S = 0), intermediate spin (IS, S = 1) and high spin state (HS, S = 2). Spin 
state transition can occur due to the fact that the crystal field splitting (∆CF ) of 
the 3d energy level of the cobalt ion is of the same order of magnitude as the 
Hund's exchange energy ( JH) (10-80meV) [1, 23, 25, 26]). In cobalt oxides, 
Co3+ can have three different spin states, which are, low-spin state 𝑡2𝑔
6 𝑒𝑔
0 (S = 
0), intermediate spin state 𝑡2𝑔
5 𝑒𝑔
1 1 (S = 1) and high-spin 𝑡2𝑔
4 𝑒𝑔
2 (S = 2) which 
are shown in Fig. 1.4. ∆CF is very sensitive to changes in the Co-O bond length 
and Co-O-Co bond angle, which easily can change the spin state of Co3+. Spin 
state transitions can, therefore, be easily provoked by varying the temperature 
and the pressure, applying a magnetic field and photon and/or by tuning the 
 7 
 
structural parameters (oxygen content and type of counteraction) of the 
material, doping of different rare earth ion etc. 
Temperature driven spin state transition: At 10 K, LaCoO3 is a 
nonmagnetic insulator with Co3+ ions in LS state (S = 0) in which all six 
electrons occupy the low energy t2g state. As the temperature increases, there is 
progressive transformation of spin state of Co3+ ions which is  reflected in the 
magnetic susceptibility that increases as T increases from 4 K and goes through 
a maximum around 90 K [23]. Goodenough et al., explained that the transition 
is from LS (S = 0) to HS (S = 2) state [27]. However, later IS was predicted to 
be lower in energy than HS and some experimental results supported this idea 
and recent experiments favor explanation in terms of LS to IS state. [28, 29] 
[30] [31]. Above 500 K, the Curie constant shows large change, reflecting the 
occurrence of another spin state [2, 32]. The high temperature change in spin 
state is associated with a semiconductor–metal transition [25]. The spin state 
above 500 K is now commonly known as an HS state with spin (S = 2) and 
supported by various experimental studies such as resistivity [25], 
photoemission [33], thermal expansion [34], and specific heat capacity [35].  
 
Figure 1.5: Electronic phase diagram of LnCoO3 as a function of ionic radius < rLn 
>. Solid squares are spin state transition temperature determined from magnetic 
susceptibility, open square refers to inverse of bandwidth, open and filled circles 
represent MI determined from heat capacity. Adapted from Ref. [36]. 
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The feature of the spin state transition in perovskite has been studied 
systematically as a function of ionic radius [36-38]. When La3+ ions are 
substituted by other rare-earth elements in perovskite cobaltite’s with smaller 
ionic radii, magnetic properties show significant changes. The low-spin state of 
Co3+ ions in LnCoO3 is found more stable compared to LaCoO3 and the spin 
state transition temperature increases drastically. Figure 1.5 shows the variation 
in the spin state transition temperature with rare earth ion radius < rLn >. The 
onset temperature of the spin state transition, which is a measure of the spin gap, 
increases as < rLn > decreases. It shows that the nonmagnetic LS state is 
stabilized by reducing < rLn >. The stabilization of low spin state is associated 
with decrease in the Co-O bond length and octahedra tilting that increases the 
crystal field t2g-eg splitting. Observation of the metal–insulator (MI) transition 
has been reported by Yamaguchi et al.[36]. Three ranges can be identified in the 
phase diagram of the LnCoO3 series with Ln (La to Lu) (Fig. 1.5): nonmagnetic 
dielectric, paramagnetic dielectric, and paramagnetic metal [39].  
The substitution of trivalent rare earth metal (La3+) by divalent alkaline 
earth metal (Sr2+) leads to the mixed valence Co3+/Co4+, which induces the 
ferromagnetic state for x ≥ 0.18 in La1-xSrxCoO3 [1]. Generally in doped La1-
xSrxCoO3, the Co
4+ ions adopts low spin state and Co3+ ions adopt intermediate-
spin (IS) or high spin (HS) states. In the paramagnetic insulating phase of La1-
xSrxCoO3 (x ≤ 0.18), the spin state of Co3+ ions changes gradually as x increases 
from 0 to 0.18 [40]. An increase of Sr content stabilize the intermediate spin 
state of Co3+ ions.  In metallic compositions (0.2 < x < 0.5), Co3+ is believed to 
be in IS spin state down to the lowest temperature. IS spin state of Co3+ ion is 
supported by Mosserbaer spectroscopy [5] . Recently Smith et al. [41], 
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performed the 139La NMR study on La1-xSrxCoO3 and observed indication of 
Co3+ ion spin state transition around 60 K for 0.05 ≤ x ≤ 0.15. Spin state 
transition was not observed for x ≥ 0.2. Karel et al., [42] also theoretically 
predicted the spin state transition in La1-xSrxCoO3. The spin state transition from 
LS to IS or HS of Co3+ ion depends on nearest magnetic ion and ratio of LS/IS 
and LS/HS. For nearest neighbours less than 2, the spin state transition will be 
from LS to HS and for more than 2 magnetic ion, the spin state transition will 
be from LS to IS. Recent LDA+DMFT calculation  performed for La1-xSrxCoO3  
predicts that LS-HS transition is favourable compare to LS-IS [43]. 
 
1.1.3 Magnetic properties 
 
In perovskite oxides, direction magnetic interaction between transition metal 
ions is not possible since they are separated by a large distance ~3.5 Å and 
intervened by oxygen ion. The magnetic interaction between transition metal 




Superexchange interaction was proposed by Kramer in 1934 [45] and modified 
by Anderson in 1950 [46]. In superexchange magnetic moment of two magnetic 
ions are coupled indirectly through a non-magnetic ion. Superexchange is based 
on minimization of energy lost for the transfer of a virtual electron from oxygen 
2p orbital to excited state of neighbor Co ion.  Figure 1.6 shows the schematic 





  Figure 1.6: Schematic of superexchange interaction between Co3+ and 
Co4+ ions via oxygen. Reconstructed from Ref. [44]. 
Heisenberg Hamiltonian for superexchange can be written as 
follow[46]: 
𝐻 = − ∑ 𝐽𝑖,𝑗𝑆𝑖𝑆𝑗𝑖,𝑗                                                                                                  (1.2) 
where Si and Sj are the localized moment of Co ions. Jij can be given by t
2/U, 
where t is the hopping integral for transfer electron from oxygen to neighboring 
Co ion and U is the coulomb energy due to adding single electron in Co ion 
side. The coupling between Co ions can be antiferromagnetic (Jij < 0) or 
ferromagnetic (Jij > 0).  
The interaction between Co ions via oxygen ion (when Co-O-Co angle 
is 180°) can be described by Goodenough-Kanamori rules [47] [48] which 
based on superexchange interaction are given below: 
 1: Coupling between Co ions with half field eg orbitals will be 
antiferromagnetic.  
 2: Coupling between Co ions with half field t2g orbitals will be 
antiferromagnetic. 
 3: Coupling between Co ions with half field eg orbitals to one with will 
half field t2g orbital will be ferromagnetic. 
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The strength of antiferromagnetic coupling lies on the overlap of 3d orbitals 
with oxygen 2p orbitals. 
1.1.3.2 Double-exchange 
 
The double-exchange mechanism is a type of a magnetic exchange that 
may arises between ions in different oxidation state and it was first proposed by 
Zener. The theory predicts that an electron may be exchanged between two 
magnetic (Mn) mediated by a non-magentic ion (O). For example, consider an 
interaction of Mn3+-O2--Mn4+ in which the Mn4+ and Mn3+ "eg" orbitals are 
directly overlapping with the O2- "2p" orbitals,. In the ground state, electrons on 








Figure 1.7: Double-exchange interaction between Mn3+ and Mn4+ ions through 
oxygen. Reconstructed from Ref. [44]. 
 
If O-2 gives up its spin-up electron to Mn+4, its vacant orbital can then 
be filled by an electron from Mn+3. At this process, an electron is transferred 
between the neighboring metal ions, retaining its spin. The double-exchange 
mechanism predicts that this electron movement from one ion to another will 











order to conform to Hund's rules. The ability to hop (to delocalize) reduces the 
kinetic energy and lead to ferromagnetic alignment of neighboring ions. 
 Although magnetic interaction between IS of Co3+ (𝑡2𝑔
5 𝑒𝑔
1) and LS of 
Co4+ (𝑡2𝑔
5 𝑒𝑔
0) can be due to Zener’s double-exchange mechanism, but there are 
other factors which suggest that Zener’s DEX is not essential for ferromagnetic 
in cobaltites. 
 1: Hunds coupling is weak due to lack of half-filled t2g orbitals in 
cobaltites.   
 2: There is no metal insulator transition occurs in electrical resistivity at 
Curie temperature. 
 
1.1.3.3 Itinerant electron ferromagnetism 
 
Itinerant exchange refers to exchange between itinerant electrons. In 
ferromagnetic transition metals Fe, Co, Ni, the exchange interaction causes a 








Figure 1.8: Illustration of spin polarized 3d band in Stoner model. 










magnetic field. Spontaneous magnetization occurs due to splitting of spin up 
and spin down bands near the Fermi level [50].  
If there in N1 electron in spin up band and N2 electrons are in spin down 
band then total magnetic moment will be given by following equation:                                       
                                             𝑀 = (𝑁1 − 𝑁2)𝜇𝐵                                                          (1.2) 
If D↑,↓ (EF) is the density of states at Fermi level then magnetization can be 
written as: 
                                       𝑀 = (𝑁1 − 𝑁2)𝜇𝐵 = 2𝐷↑,↓(𝐸𝐹)𝜇𝐵
2 𝐵                               (1.3) 
Stoner’s theory predicts that band splitting occurs spontaneously if the 
condition   𝑈𝐷↑,↓(𝐸𝐹) > 1        is fulfilled, where U is the intra-atomic coulomb 
exchange energy.                                                                 
Ferromagnetism in La1-xSrxCoO3 can be  explained by itinerant-electron 
model proposed by Goodenough et.al.[4] [51]. The model is summarized in Fig. 
1.9 (a-c), which show schematically the cobalt 3d bands for small and large 
doping. At T = 0 K and small x, a narrow π* band (formed from the crystal-field 
d orbitals of t2g symmetry) is filled. The cobalt atoms nearest neighbour to a Sr
2+ 
ion provide molecular d orbitals, those formed from atomic t2g or eg orbitals 
having about the same deep acceptor level. Thermal excitation to the high-spin 
Co3+ (𝑡2𝑔
4 𝑒𝑔
2) configuration creates a magnetic ion, but it does not produce a 
mobile hole. Mobile holes are created by excitation of an electron from the π* 
band to acceptor level. At higher Sr2+-ion concentration x, the acceptor orbitals 
interact to form an impurity band. Because high spin (Co3+) and low spin (CoIII) 
configurations have comparable energies, the formation of impurity bands 
generates a spontaneous ferromagnetism having σ* bands of up spin 
overlapping the π* band of down spin. Because there is a critical Sr2+ ion 
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concentration for impurity band formation, which from experiment is xc ≈ 0.125, 
chemical inhomogeneities can produce interpenetrating ferromagnetic and 
paramagnetic domains. The coexistence of two magnetic phases with the same 
crystallographic phase would be most pronounced in the vicinity of critical 
concentration xc. On this model, the paramagnetic component is expected to 




Figure 1.9: (a) Cobalt 3d bands for La-rich region showing the Sr2+ impurity level. 
(b) Cobalt 3d band for ferromagnetic condition, if no correlation splitting of π* 
bands. (c) Band diagram for La1-xSrxCoO3. Reconstructed from Ref.-[52] and [51]. 
 
So long as σ* band remains less than one quarter filled and π* band more 
than three quarters filled shown in Fig. 1.9(b), itinerant ferromagnetism having 
Weiss constant ϕ > TC  is anticipated. For spontaneous magnetization of 
La0.5Sr0.5CoO3 at 4.2 K, μ = (x+2n) = 1.5 μB by taking n = 0.5 for the number 
of up spin σ* electrons per molecule.  
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Figure 1.9c shows band diagram of La1-xSrxCoO3 using IS (𝑡2𝑔
5 𝑒𝑔
1) spin 
state of Co3+ ion. Spin up and down band split as shown in Fig 1.9(c). 𝑡2𝑔
2  spin 
down band and   𝑒𝑔
1 spin up band overlap to provide ferromagnetism.  
    
 
 
Figure 1.10 :  Phase diagram of La1-xSrxCoO3 (0.0 ≤ x ≤ 0.5). PM, PS, SGS, FM-C 
and MIT stands for paramagnetic metal, paramagnetic semiconductor, spin glass 
state, ferromagnetic cluster and metal insulator transition respectively. Adapted 
from Ref. [53]. 
 
The magnetic phase diagram of La1-xSrxCoO3 is shown in Figure 1.10. 
The ground state at the lowest temperature changes with increasing Sr content 
from non-magnetic semiconductor (x = 0) to spin glass semiconductor (0.1 ≤ x 





Figure 1.11: Magnetic phase diagram of Pr1-xSrxCoO3. PS, PM, MIT and FMM 
correspond to paramagnetic semiconductor, paramagnetic metal, metal insulator 
transition and ferromagnetic metal respectively. Adapted from Ref. [54]. 
 
Figure 1.11 shows the phase diagram of Pr1-xSrxCoO3 adapted from Ref. 
56. A double magnetic transition is observed in 0.35 ≤ x ≤ 0.5. The first one is 
FM transition in the Co sublattice and the 2nd one is due to magneto-crystalline 
anisotropy transition coupled with structural change[54]. 
 
1.1.4 Ferrimagnetism  
 
Magnetic properties of materials can be characterized in to five categories, such 
as diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and 
ferrimagnetic, as shown schematically in the Fig. 1.12. Perovskite cobaltite Ln1-
xSrxCoO3 shows a second order para to ferromagnetic transition at TC(K), which 
depends upon the size of rare earth ions. The shifting of the Tc to lower 
temperature with decreasing the size of rare earth ions has been reported by 
Loidl et al. [55]. In Nd0.67Sr0.33CoO3, M(T) decreases much below the TC.  The 
likely reason was ferrimagnetic coupling between Nd and Co sublattice reported 






Figure 1.12:  Susceptibility (χ) for different types of magnetic interaction. 
Reconstructed from Ref. [48]. 
 
 
1.1.5 Electrical properties 
 
According to Hubbard model, due to coulomb repulsion between d 
orbital electrons (strong electron correlation effect), many transitional metal 
oxides show insulator behaviour. However, they are expected to be metallic 
according to band theory. In the Hubbard model, Hamiltonian has two 
components; hopping integral and on-site repulsion. The hopping integral 
represents the kinetic energy of electrons hopping between atoms, typically 
represented by the letter t. The on-site repulsion, typically represented by U 
because it also represents the potential energy arising from the charges on the 




𝐻 =  −𝑡 ∑ (𝑐𝑖,𝜎




where <i, j> represents near neighbour interaction on the lattice. According to 
the Hubbard, if d orbital of a transition ion is partial field then the repulsion 
between d electrons (potential energy U) cause split the band in two bands 
namely, the upper and lower Hubbard bands, as shown in Fig. 1.13(a)[58]. 
 
Figure 1.13 : Schematic diagram (a-e) for electronic structure of transition metal 
oxide. U, ∆, W represent Mott-Hubbard splitting, charge transfer energy, and 
band width respectively. Adapted from Ref. [59]. 
 
The resulting system will be in metallic state if both bands overlap as shown in 
Fig. 1.13(a).  Figure 1.13(b) represents the condition for Mott-Hubbard 
insulator, which shows three bands. Two bands of the three bands are related to 
transition metal and the remaining third band is related to p-band of anionic 
ligands. The energy difference (∆) between the p-bands and an upper Hubbard 
band of transition metal, and potential energy (U) between both Hubbard bands 
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are shown in Fig. 1.13(b). As the U is smaller than ∆, charge can hop only 
between the Hubbard bands. In figure 1.13(c), both energy difference are 
comparable and charge can hope either from Hubbard band or from p ligand 
band.  In Figure 1.13(c), U is larger than ∆ and charge hops from p band to 
upper Hubbard band and system which shows these transition known as charge 
transfer insulator. LaCoO3 is a CT insulator, which is confirmed by soft X-ray 
absorption and optical reflectivity spectroscopy [60]. The substitution of La3+ 
by Sr2+ induces doped states within the band gap (∆) of the LaCoO3 CT insulator 
and the states broaden and start overlapping with the uppar Hubbard band at the 
M–I transition. 
 
Figure 1.14 :  Resistivity as a function of temperature (T) and inverse of 
temperature (1/T) for LnCoO3 (Ln = La, Pr, Nd, Sm, Eu, Gd). Adapted from Ref. 
[36]. 
 
Besides the spin transition, the LnCoO3 perovskite show a metal–
insulator (M-I) transition at higher temperature (TMI), which is shifted to higher 
temperature with decreasing the rare earth ion size. TMI value for LaCoO3 is 




The substitution of Sr2+ for La3+ introduce interesting properties like 
metal insulator transition (MI) and metallic nature with doping concentration. 
A semiconductive behavior was observed in La1-xSrxCoO3 for 0.2 < x < 0.25 
[14, 23, 51]. For 0.30 < x < 0.50, a metallic behavior was observed though the 
hole-poor matrix persists even at x < 0.50 as shown in Fig. 1.15. The upturn in 
the low-temperature resistivity was suggested to be related to the weak 
localization of carriers [61]. The metal–insulator transition lies in the range 0.15 
< x < 0.18. An abrupt decrease in the Co-O bond and increase in Co-O-Co also 
observed where the semiconducting to metallic transition appears. This was 
attributed to the change in the electronic band structure i.e.  an increase in the 
overlap between the valence band and the doped states at the transition [14]. 
 
 
Figure 1.15:  Resistivity as a function of temperature (T) for La1-xSrxCoO3. 
Adapted from Ref. [14]. 
  
 
1.1.6 Magnetoresistance  
 






]                                                                     (1.5) 
 
where ρ(0) and ρ(H) are the resistivity values in zero and specific magnetic field 
(H), respectively. In 1995, Briceno et al,[62] discovered large 
magnetoresistance (MR) in perovskite cobaltites La1-xAxCoO3 (A = Ba, Sr, Ca, 
and Pb). Unlike the Mn-based perovskite oxides,  only  few studies have been 
reported on the MR effect of Co-based oxides among them most of studies are 
focused only on La1-x SrxCoO3 [14, 61, 63, 64]. Ca and Ba based compounds are 
found to exhibit an MR effect [65, 66]. The La-rich series La1-xSrxCoO3 (0 ≤ x 
≤ 0.4) show two distinct characteristic behaviors in MR depending on the Sr 
content (x) [14] : (i) the compounds with x ≥ 0.2 are ferromagnetic metals and 
show small MR values (4–8 %) near TC and (ii) the compounds with x < 0.2 are 
semiconductors with a spin glass-like state and show MR at TC as well as large 
MR at low temperatures. In Figure 1.16, the MR effect as a function of x is 
presented. Interestingly, the metallic compositions of La1-xSrxCoO3 with x > 0.2 
do not show significant MR effect [14, 63, 67]. A maximum value of about 10 
% is reached at TC. At low-temperature MR becomes very small. For the 
composition close to the critical region x ~ 0.2, the cluster nature of the spin 
order shows up in MR. The magnitude of MR is still small but it shows a peak 
in the temperature region where the cluster freezing and/or spin glass-like 
transition takes place [14, 67]. These results suggest that a substantial negative 
MR can occur even when there are spin clusters instead of long-range 
ferromagnetic order. For the x = 0.07 and 0.1 samples, the MR continues to rise 
at lower temperatures, eventually showing a maximum in the temperature range 
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Figure 1.16:  The doping dependence of the two magnetoresistance contributions. 
The open symbols denote the low-temperature (5 K) MR, while the solid symbols 
represent the CMR-type behavior, which occurs in the vicinity of TC. Adapted 
from Ref. [67]. 
 
1.1.7 Thermoelectric properties 
 
1.1.7.1 Thermopower or Seebeck coefficient 
 
Thermoelectric effect is due to the gradient in electrochemical potential caused 
by a temperature gradient in a conducting material. The Seebeck coefficient α 
is the constant of proportionality between voltage and the temperature gradient 
which causes it when there is no current flow, and defined as (∆V/∆T), where 
∆V is the thermo-emf  caused by the temperature gradient ∆T; it is related to the 
entropy transported per charge carrier (α = S*/e). The Peltier coefficient π is the 
proportionality constant between the heat flux transported by electron and 
current density; α and π are related as α = π/T. 
The expression for the Seebeck coefficient of metals is [68] 





















Figure 1.17: Schematic diagram of Seebeck coefficient measurement. 
 
Thus metals are characterized by a small |α| that increases linearly with 
temperature. The Seebeck coefficient of an intrinsic semiconductor is given by  









]                  (1.7)                        
where S* is the entropy transported by charge carriers. S*/k < 10μV/K in ionic 
solids like metal oxides. EF is the Fermi energy relative to appropriate band 
edge. The sign of α is positive for hole doped conduction and negative for 
electron conduction, since  






] 𝑜𝑟 = 𝑙𝑛 [
𝑛
𝑁
]             (1.8)                              
where (1-c) or N  represents the density of unoccupied states in the relevant 
band and and c (or n) the density of charge carriers in the band. For externsic 
semiconductors |α| is generally large, in the range of 0.1 to 1mV/K, and 
decreases with increasing temperature. A maximum value of α occurs for small 
c and there is a change of sign for α as c varies from 0 to 1. For localized 
externsic semiconductors (small polaron hopping), c ingenerally constant and 
hence α is nearly temperature independent. 
 Now we briefly review the physical meaning of the thermopower. 
According to Boltzmann equation, the electrical current density Je and the 
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thermal current density Jq are expressed by the linear combination of electric 
field (𝐸 = −∇V ) and temperature gradient −∇𝑇 as 
 
                                       𝐽𝑒 = 𝜎(−∇𝑉) + 𝜎𝛼(−∇𝑇)                                                   (1.9) 
                                      𝐽𝑞 = 𝜎𝛼(−∇𝑇) + 𝜅
′(−∇𝑇)                                                    (1.10) 
where σ is the conductivity, α is the thermopower, and κ´ is the thermal 
conductivity. In absence of temperature gradient −∇𝑇 = -0 , we get  
                                                 𝛼 𝐽𝑒 =
𝐽𝑞
𝑇
                                                                     (1.11) 
right side of this equation which is entropy current density, one can identify the 
thermopower α to entropy per charge when the scattering times involved in Je 
and Jq are the same. In this context, , thermopower is a good measure of entropy 
of carriers, and thus it can detect the entropy due to various degree of freedom 
coupled with the carriers, and thus it can detect entropy due to various degrees 
of freedom coupled with carriers.  
The chemical potential is related to the entropy of the system and the 
thermodynamics identity for chemical potential is[57] 








                                                            (1.12) 
where S is the configurational entropy, n is the number of charge carriers, and 
E and V are the internal energy and the internal volume respectively. The above 
equation clearly reveals that the thermopower can be written as  








                                                           (1.13) 
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However, in strongly correlated systems such as transition-metal-oxides, the 
spin and orbital degrees of freedom of the charge carrier must be considered to 
evaluate the thermopower. Therefore, for T → ∞, the entropy can be written as 
S = kBln g, where g is the electronic degeneracy and the above equation can be 
written as 








                                                 (1.14) 
For the spinless fermions, no two particles can reside in the same site and the 
degeneracy is 
                                                g = 
𝑁𝑉!
(𝑁𝑉−𝑛)!𝑛!
                                 (1.15) 
By using Stirling’s approximation and differentiating with respect to n, 






)                                        (1.16) 
where  is the ratio of charge carriers to sites ( = n/NV; n and NV are the number 
of charge carriers and number of available sites respectively). This is the 
generalized Heikes formula. This situation is physically appropriate to a system 
in enormous magnetic fields or electron-paired with the strong binding energy. 
For fermions with spin (kBT >> U0, where U0 is the on-site Coulomb 
interaction), the electronic degeneracy is given as 
𝑔 =
2𝑁𝑉!
(2𝑁𝑉 − 𝑛)! 𝑛!
                                                    (1.17) 
The thermopower is given as 






)                               (1.18) 
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For fermions with spin (kBT << U0) with large electron-electron repulsion, the 
electron degeneracy is given as 
𝑔 = 2𝑛
𝑁𝑉!
(𝑁𝑉 − 𝑛)! 𝑛!
                                                 (1.19) 
The thermopower is given as 






])                          (1.20) 
 
Modified Hikes formula for thermopower including spin and orbital degree of 
freedom can be written as  
                                        𝛼 =
𝑘𝐵
𝑒





]                                   (1.21) 
where  g3 and g4 are degenracies of Co
3+ and Co4+ . In layered cobalt oxide 
NaxCoO2 , the cobalt ion exist as mixture of Co
3+ and Co4+ . As schematically 
drawn in Fig. 1.18 , six electrons in the low-spin Co3+ ion fully occupy the t2g 
levels, so that it has no other degenracy state. In contrast, Co4+ ion, one electron 
is removed out of the six electrons, and thus six states are degenrate.  
Substituting g3 = 6 and g4 = 1 in equation 1.10, the value of thermopwer to be 
𝑘𝐵
𝑒
ln(6) = 150 𝜇𝑉/𝐾. This value is close to reported value in literature[69]. 
With increasing degenracy of Co3+ ion, thermopower decreases. Table 1.1 




Figure 1.18: Schematic drawing for the explanation of conduction mechanism of 
cobalt oxide. Reconstructed from Ref. [70] 
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Table 1.1:  Orbital and spin degeneracy of Co and Mn ions in different spin 
state. 
   
Thermoelectirc (TE) generator and thermoelectirc cooler are based on 
thermoelectric effect. Thermoelectric generators can convert heat to electricity 
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generated by many sources such as solar radiation, automotive exhaust and 
industrial processes. TE coolers are used in refrigerators and other cooling 
systems. TE devices have high reliability since it has no moving parts. Early 
application of TE effect was in metal thermocouples, where they were used to 
measure temperature and radiant energy. 
 
 
Figure 1.19: Schematic diagram of thermoelectric generation and thermoelectric 
cooling. Commercials Peltier cooler and working principle. Adapted from Ref. 
[71]. 
 
Efficiency of thermoelectric generator is as follows  
 
                                                                                                                               (1.22) 
 
where ηcarnot is Carnot engine efficiency, Th and Tc are hot and cold junction 























, where σ is conductivity, α is Seebeck coefficient and κ = κe + κl is 
thermal conductivity of materials. Thermal conductivity has two contribution, 
κe due to charge carrier and κl due to lattice vibration. κe depends on electrical 





κl is independent of electrical conductivity and less contribution in metallic 
system but has strong effect in insulator materials. It can be expressed as 
follows, 𝜅𝑙 =  
1
3
𝑐𝑣 𝑣𝑐 𝑙𝑝ℎ where cv is the specific heat per unit volume, vs the 
velocity of sound, and lph the phonon mean free path. The optimization of ZT is 
an important task for developing thermoelectric devices. The requirements for 
the thermoelectric material to present a high ZT are (i) a large value of α to 
efficiently convert the temperature gradient into electricity, (ii) a high σ to 
enhance the charge carrier transport and reduce the Joule effect, and (iii) a low 
κ to maintain the temperature gradient. The three thermoelectric parameters are 
strongly dependent on the crystal structure, electronic structure and carrier 
concentration [72] [71]. 
 
Figure 1.20: Carrier concentration dependence of transport parameters for 




The carrier concentration dependence of thermoelectric parameters is 
shown in Fig. 1.20. The optimal thermoelectric material with a large value of 
α2σ is located in the crossover region between semiconductor and metal with 
optimised carrier concentration (n) of about 1x1019 cm3 [71].  
 
    Figure 1.21: State-of-the-art thermoelectric materials. Adapted from Ref. [73]. 
 
Figure 1.21 shows known materials for thermoelectric with their ZT 
values [73]. Intermetallic compounds or alloys, such as (Bi, Sb)2(Te, Se)3,[74] 
and Si–Ge alloys[75], have been shown high ZT values close to unity. 
Refrigerators based on these materials have coefficient of performance (COP) 
is around unity which is smaller than compressor based refrigerators with COP 
more than 2. The market of thermoelectric coolers increasing rapidly due to 
strong growth of optical communication. PbTe based thermoelectric has been 
used in space as thermoelectric generator with efficiency of around 7 %. 
According to ZT definition, the efficiency value can be enhanced by decreasing 
the thermal conductivity. To reduce thermal conductivity in bulk materials, a 
concept was given known as “Phonon rattles”. These phonon rattles are 
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normally interstitial atoms inserted into the empty space of host materials. Their 
vibrations are not harmonic with host material which will scatter the phonon in 
original lattice. In this respect many classes of materials have been discovered 
and observed high value of ZT, like filled skutterudites [76] and clathrates [77].  
Thermoelectric materials based on Bi2Te3 and PbTe have some concerns 
at high temperature. They decompose or oxidize easily at high temperature 
under an oxidizing atmosphere. Comparatively, TE oxides have several feature 
such as excellent oxidation resistance, high thermal and chemical stability,  low 
costs, and low toxicity, [78], which are advantageous for their practical 
applications. Metal oxide were not considered as thermo electric materials due 
to low carrier mobility, high thermal conductivity and narrow conduction band 
width arising from weak orbital overlap which lead to localization of charge 
carrier and low carrier mobility.  The report of large Seebeck coefficient (α300K 
= 100 μV/K) and low resistivity (ρ300K ≈ 200μΩ cm) in NaxCoO2 (x = 0.5) 
provoked enthusiasm [69]. The power factor of NaxCoO2 (x = 0.5) is found 50 
μW/K2 cm which is higher than Bi2Te3 (40 μW/K2 cm). NaxCoO2 a layered 
misfit cobaltite’s compound having alternating stack of rock salt type layer and 
hexagonal. The CoO2 conducting layer can be represented as [Na0.5][CoO2]. 
These two layers have common a and c axes, while b axis length is different. 
The blocked layer can be expressed as [𝑀𝑂]𝑙
𝑅𝑆where M = Na, Pb, Hg, Ca, Bi, 
Ca, Co and Sr and l is the numbers of MO layers in rock salt layers. The general 
formula of misfit Co oxides can be written as [𝑀𝑂]𝑙
𝑅𝑆[𝐶𝑜𝑂2]𝑚, where m is the 
ratio of b axes of rock salt to hexagonal layer. Bi based Co oxide Bi2Sr2Co2Oy 
can be written as [𝐵𝑖𝑆𝑟𝑂2]2
𝑅𝑆[𝐶𝑜𝑂2]𝑚. Similarly, Ca based Co oxide Ca3Co4O9 
can be expressed as  [𝐶𝑎2𝐶𝑜𝑂3]1
𝑅𝑆[𝐶𝑜𝑂2]𝑚 . The angle between O-Co-O is 90°. 
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Co ions located in triangular lattice. The structure of NaxCoO2 and Ca3Co4O9 is 
shown in Fig. 1.22 respectively. High value of Seebeck coefficient was 
attributed to spin and orbital degeneracy of Co ions. 
  
 
Figure 1.22:  Example of typical 1D, 2D and 3D cobalt oxide materials for 
thermoelectric. Second layer left: Schematic structure of NaxCoO2 with the CoO2 
layer and the Na ion separating layers. Second layer middle: Schematic misfit 
structure of [Ca2CoO3][CoO2]1.62 with the CoO2 layer  and the Ca2CoO3 three-
layer rock salt structure. Adapted from Ref. [79] 
 
The layer cobaltite’s Ca3Co4O9 have been studied extensively due to its 
low resistivity and high temperature stability. Large value of thermopower (α = 
125 μV/K) makes it potential candidate for thermoelectric applications [80]. ZT 
value reported 0.03 at room temperature which is closer to NaxCoO2 compound 
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[80] [81]. La doping enhances electrical conductivity and thermopower 
increases at high temperature. It also suggested that La doping can enhances the 
phonon scattering which increase the (ZT). Thermopower was attributed to spin 
state of Co3+ and Co+4 along with strong electron correlation [82]. Bi based 
misfit cobaltite also have shown great thermoelectric properties. Bi doping 
enhances the thickness of the rock salt layer, which enhances the thermoelectric 
properties. Misfit cobaltite Bi2Sr3Co2Oy single crystal has demonstrated  ZT 1.1 
at 1000 K, [83], whereas Bi2Sr3Co2Oy polycrystalline sample shows ZT value 
0.19 at 970K [84]. Doped ZnO also has demonstrated TE properties. For Al3+ 
doped ZnO series, ZT was reported 0.3 at 1273K [85].  
3D perovskite oxide also has attracted a great attention as thermoelectric 
material. SrTiO3 is a well known cubic pervoskite oxide. Electrical conductivity 
of SrTiO3 can be tuned by doping of Nb
5+ or La3+, Ba2+ and Ca2+ doping. Doped 
strontium titanates Sr1-xAxTi1-yNbyO3 (A = Ca, La, Ba, Eu) [86] have shown 
promising ZT values. La doped SrTiO3 single crystal shows large power factor 
around 3.6x10-3 Wm-1K-2 at room temperature which is comparable to Bi2Te3. 
Large ZT (0.3 at 1000 K) observed in Nb doped SrTiO3 film at high temperature 
which is largest among n-type oxide [87]. Another interesting perovskite 
material is CaMnO3, which shows thermopower value around -350 μV/K at 
room temperature [88, 89]. Doped calcium manganite’s CaMn1-xNbxO3, [90] 
has shown ZT= 0.3 at 1100 K as a result of low thermal conductivity. Another 
B (Mn) site doping that has shown great interest is Ru doped CaMnO3. Ru 
doping can introduced metallcity in the system. For x = 0.06 compound, 




Figure 1.23:  ZT value of some known oxide thermoelectric materials. Adapted  
from Ref. [92]. 
 
3D perovskite cobaltite also shows promising thermoelectric materials 
[78]. A large thermopower value at room temperature has been observed in 
LaCoO3, GdCoO3 and NdCoO3. [51, 93]. Figure 1.24 shows the thermopower 
of LaCoO3 which shows maximum value of 600 μV/K around 300 K. However, 
the resistivity is still high which reduces the power factor. Small doping in La1-
xSrxCoO3 leads to decrease in resistivity [51, 78]. La0.95Sr0.05CoO3 shows a large 
thermopower at room temperature up to 252 µV/K and a, ZT of 0.18 at room 
temperature shows a potential thermoelectric oxide [78].  
 
 
Figure 1.24:  Temperature dependence of Seebeck coefficient of LaCoO3. 





1.1.7.2 Magneto Seebeck effect and spin Seebeck effect 
 
There is renewal interest in exploring the effect of magnetic field on 
thermopower in magnetic nano structures. Motivated by the discovery of 
magneto Seebeck effect in magnetic tunnel junction (MTJ) and spin Seeeck 
effect. In permalloy thin film in contact with a non-magnetic metal such as Pt. 
Magneto Seebeck effect is accompanied by magneto resistance. In MTJ, it was 
found that thermopower shows a sudden decrease when the magnetization of 
ferromagnetic layers changes from anti-ferromagnetic to ferromagnetic with 




            
         
Figure 1.25:  Schematic representation of magneto Seebeck effect. Reconstructed 
from Ref. [95]. 
  
 When two ferromagnetic system which are connected via a junction that 
can be a non-magnetic conductor or insulator, as shown in Fig. 1.25 and for 
simplicity, the magnetization of both systems either have parallel or anti parallel 
to each other then, the energy dependence for additional electron transport 
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through the junction is given by the relative magnetization of both systems. 
Then current density can be written as 









∇(−𝐻∗) = 0  
      𝜀 = −∇𝑉 = −𝛼∇𝑇 +
𝑃𝑚
𝑒





) ∇𝑇 = −(𝛼 + 𝛼𝑀)∇𝑇  
(1.23)                                      
where net electric field 𝜀 = 𝐸 +
∇𝜇𝑐
𝑒
 includes the field generated by the chemical 
potential μc. α is pure thermoelectric power and αM is additional term generated 
by magnetic properties of ferromagnetic system. Without a junction, the 
electrons would accumulate in colder region of the system at T1, creating 
corresponding electric field. When a junction between two ferromagnets, there 
are two possibilities, first is the parallel alignment of magnetization of both 
ferromagnets. In this case the majority and minority sub-bands on both sides of 
the junction have equal density of states at Fermi level, therefore the transport 
of electrons across the junction will not be influenced by magnetization of 
ferromagnets. The charge-Seebeck coefficient for parallel magnetization 
alignment is given by αP = α + αMp. Second case is when magnetization is 
antiparallel, then the density of states of majority and minority subbands on both 
side of the junction reverse. This means that there are less free states for majority 
electrons on other side of the junction, and consequently the current across the 
junction is expected to be less than parallel magnetization alignment, which 




 has a discontinuity across the junction due to antiparallel alignment 
magnetization of both ferromagnet. The Seebeck coefficient in antiparallel 
alignment is given by αAP = α + αMAP. The difference between αP and αAP 
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depends on the properties of junction. If the junction is tunnel barrier, allowing 
transport of fully polarized currents, the difference between αP and αAP will be 
larger. The magnetic Seebeck effect is expresses through the magnetic Seebeck 
ratio αMS which is given below. 
                                                        𝛼𝑀𝑆 =
𝛼𝑃−𝛼𝐴𝑃
min (|𝛼|,|𝛼𝐴𝑃|
                                  (1.24)                                                              
The various Seebeck effects in tunnel junctions with Co, Fe, or CoFe and MgO 
barriers were studied theoretically[96] using ballistic transport calculations.  
Using the energy dependent transmission probability Tt(E), the moments Ln can 
be written as follow 
                                     𝐿𝑛 =
2
ℎ




]𝑑𝐸              (1.25) 
Where f(E,u,T) is the Fermi function. Seebeck coefficient using moment 
function can be written as follow 














               (1.26) 
 
The charge Seebeck coefficient for the entire number of electrons at the 





↓(𝐸) are the transmission probabilities for spin up and spin down electrons. 
The transmission probabilities change with the angle between the magnetization 
of the two ferromagnetic layers.  
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Figure 1.26: Charge Seebeck coefficient for temperature range 0 to 1000 K, left: 
for pure Fe and Co and, right: Fe/MgO/Fe tunnel junction for parallel and anti-
parallel magnetization state. Adapted from Ref. [97]. 
 
The charge Seebeck coefficients calculated by using this method for Fe 
and Co metals and for Magnetic Tunnel Junction (Fe|MgO|Fe) is shown in Fig. 
1.26. In MTJ, if magnetization of both Fe layers are parallel, then Seebeck 
coefficient stays negative throughout the temperature range, however, if 
alignment is anti-parallel then Seebeck coefficient changes sign with 
temperature. In order to achieve large value of magneto Seebeck coefficient, the 






) need to be asymmetric in the energy level for parallel and 
antiparallel configuration, because only this case the difference between αP and 
αAP will be large as shown in Fig. 1.27. On the left side , a semiconductor is 
always showing a large magneto Seebeck effect, because the energy gap and the 
density of states allows geometrical center to be always below or above the 
Fermi level, depend on doping. On the  right side, both tunnel junction show a 
high Tunneling Magnetoresistance (TMR), because of high spin polarization at 
Fermi level. Only the top junction shows high magneto Seebeck effect, because 
there is an asymmetry in the geometric centers, indicted by the blue thick lines. 
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If an asymmetry is not present, the transmission probability does not change 
when shifting the energies of the sub-bands by changing the layer magnetization 
alignment. 
 
Figure 1.27: The transmission function Tt(E) is shown in pale colours. The product 
of transmission coefficient and 
𝝏𝒇(𝑬,𝝁,𝑻)
𝝏𝑬
 is shown in thick blue lines. Left: A 
semiconductor shows a large Seebeck effect. Right: A big difference betweeen TP 
and TAP yields a high TMR ratio, but does not guarantee a high magneto Seebeck 
effect. A strong asymmetry in geometric centre is necessary for large magento 
Seebeck effect. Adapted from Ref. [98] 
 
1.1.7.3 Spin Seebeck effect 
 
The spin Seebeck effect refers to the generation of spin ‘voltage’ as a 
result of a temperature gradient. Spin voltage is defined as the spin current 
potential, which is denoted by 𝜇↑−𝜇↓  where 𝜇↑  and 𝜇↓  represent the 
electrochemical potentials for spin-up and spin-down electrons, respectively. In 
a metallic magnet, spin-up and spin-down conduction electrons have different 




Figure 1.28   Illustration of spin Seebeck effect in metallic magnetic system. 
Reconstructed from Ref. [99]. 
 
Spin up and spin down electrons start moving along the temperature gradient, 
when a metallic sample is subjected to a temperature gradient. As the densities 
and scattering rates are different for spin up and spin down electrons, the 
concentration of up spin electron will be more at one side than other. This will 
create a chemical potential between two end points. This is the proposed 
scenario for the spin Seebeck effect shown in Fig. 1.28. When the length of the 
magnet along the temperature gradient is much greater than the spin diffusion 
length of the magnet, the spatial distribution of 𝜇↑ and  𝜇↓ along the temperature 
gradient is shown in Fig. 1.29(left).  The schematic representation of spin 
Seebeck measurement is shown in Fig. 1.29 (right). For a metallic ferromagnetic 
film Ni81Fe19, [99], temperature gradient is applied in the plane of a film and a 
field is also applied in same plane to aligned the spin. Due to temperature 
gradient, chemical potential builds along one side of the film which can be read 
by using Pt electrode coupled with Inverse Spin Hall Effect in Pt layer, as shown 





Figure 1.29:  (Left) Schematic of chemical potential variation along the magnetic 
thin film. (Right) Schematic of measurement of spin Seebeck coefficient. 
Reconstructed from Ref.-[99]. 
 
Thermoelectric generation is exclusive feature of metallic and 
semiconductors systems. There is no Seebeck coefficient observed for insulator 
samples. The Figure 1.30 shows the trend of Seebeck coefficient in metallic and 
insulator systems.  
 
Figure 1.30:  Seebeck and spin Seebeck coefficient in conductor and insulator 




Interestingly, spin Seebeck effect was observed in magnetic insulator 
samples. Uchida et al., [100] reported spin Seebeck effect in LaY2Fe5O12 , a 
magnetic insulator as shown in Fig. 1.31. Spin Seebeck effect in magnetic 
insulator is realized by inverse Spin Hall Effect in Pt electrode. The Spin 
Seebeck effect in magnetic insulator was attributed to motion of spin waves. 
Spin current originates from dynamic spin coupling between LaY2Fe5O12 and 
Pt. 
  Figure 1.31: Schematic of spin Seebeck effect in ferromagnetic insulator. 
Reconstructed from Ref. [100]. 
 
1.1.8 Magnetocaloric effect 
 
Magnetocaloric effect (MCE) is defined as change in the temperature of a 
magnetic materials with applied magnetic field. This also called adiabatic 
demagnetization. This effect was observed in 1881 by Warburg and explained 
by Debye, later. The application of MCE is to reach temperature lower than the 
liquid helium using adiabatic demagnetization. The MCE thermodynamics, 
relates the magnetic variable (magnetization or magnetic field) with entropy and 
temperature change. The main origin of MCE is the coupling between magnetic 
sub-latice and applied field, which changes the magnetic contribution to the 
entropy of the solid. The value of entropy change of a ferromagnetic material 
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depends on both the field and the temperature. The total entropy of any solid 
consists of three contributions- lattice (Slat), electronic (Sel) and magnetic 
entropy (Sm). Thus, total entropy can be written as follows, 
                          𝑆(𝑇, 𝐻) = 𝑆𝑚(𝑇, 𝐻) + 𝑆𝑙𝑎𝑡(𝑇) + 𝑆𝑒𝑙(𝑇)                                    (1.27) 
 
Figure 1.32: S-T diagram showing MCE. Solid lines represent the total entropy in 
two different magnetic fields and dashed lines show the electronic and lattice 
contributions. Adapted from Ref. [101]. 
 
Two relevant process are shown in Fig. 1.32 to understand the 
thermodynamics of MCE: 
(1) When magnetic field is applied adiabatically (i.e. total entropy remains 
constant) in a reversible process, the magnetic entropy changes but total 
entropy remains same 
                                                 𝑆(𝑇0, 𝐻0) = 𝑆(𝑇1, 𝐻1)                                             (1.28) 
And then in this case, the temperature of system will increase and can be defined 
as ∆Tad = T1-T0. 
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(2) Under the isothermal condition, magnetic domain will align with field 
direction, that causes a decrease in the total entropy due to decreases in 
magnetic entropy contribution. The entropy change in this process can 
be defined as: 














Figure 1.33: Schematic representation of MCE process in magnetic system. 
Reconstructed from Ref. [102]. 
 
Both adiabatic temperature change, ∆Tad and isothermal magnetic entropy 
change ∆Sm are the characteristic values of MCE. Both quantities are function 
of initial temperature and magnetic field variation ∆H. 
Correlation of applied field H, magnetization of material M and 
temperature (T) to the MCE values i.e. ∆Tad and ∆Sm is given by Maxwell 
relation. 












By integrating Eq. 1.24 for isothermal process, we obtain 
 





)𝐻𝑑𝐻                     (1.31)                                               
 
By using thermodynamic relation ∆Tad can be written as  






)𝐻𝑑𝐻                     (1.32)   
 
In ferromagnetic state, (∂M/∂T) shows maximum at TC therefore ∆Sm will be 
large at TC. MCE so called adiabatic demagnetization used as to reach ultra-low 
temperature. In 1927, pioneer work of Giauque and MacDougall[103] showed 
that using paramagnetic (PM) salt Gd2(SO4)3.8H2O, temperature can be reached 
lower than 1 K. Later MCE was studied in other PM salt as cereous magnesium 
nitrate [104]. Another group of materials that have been studied extensively are 
PM garnets, because of their high thermal conductivity and low specific heat 
capacity and very low ordering temperature. For ytterbium (Y3Fe5O12) and 
gadolinium (GdFe5O12) iron garnets, ∆Tad was found 6 and 10 K, respectively 
for ∆H = 11 T [105]. Another promising material is Gd, a rare earth metal with 
TC(K) = 290 K shows MCE at room temperature. ∆Tad was found 14 K for ∆H 
= 7 T [106]. Magnitude of ∆Sm and ∆Tad can be enhanced in first order PM to 
ferromagnetic transition (FM). The intermetallic compound FeRh was one of 
the first materials in which giant (and negative) MCE was observed. This alloy 
shows first-order FM to AFM phase transition at TC(K) = 316 K, which yields  
∆Tad =-8.4 K for ∆H = 2.1 T [107]. Unfortunately the giant effect is irreversible, 
and giant MCE can only be observed in virgin samples. Other materials who 
show large MCE value accompanied by first order PM to FM transition are 
Gd5Si2Ge2 [108], MnFeP0.45As0.55 [109], NiMnGa [110], and LaFe13-xSix [111] 
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alloy. Recently perovskite manganite’s have also shown large value of MCE 
over a wide range of temperature besides intermetallic compounds [112]. There 
are very few studies of MCE in perovskite cobaltite as moment of Co ion is 
small and so far no compound show first order PM to FM transition [113].  
1.2 Nd1-xSrxCoO3 
 
NdCoO3 is a paramagnetic insulator and shows orthorhombic distortion 
of perovskite cell characterized by Pbnm space group [38, 114]. Paramagnetic 
contribution comes from Nd3+ ion. Nd moment orders antiferromagnetically at 
1.2 K. Antiferromagentism occurs due to superexchange between Nd ion [115] 
[116]. Spin state transition (LS     IS) in NdCoO3 has been reported by different 
measurements [37] [38, 117] [118]. Neutron diffraction study claimed gradual 
change of Co ion spin state from LS to IS as temperature increases rather than 
a phase transition from LS to IS [119, 120]. Although NMR study also indicated 
that spin state in NdCoO3 is continues (LS      IS) even at 300 K [119].  M-I 
transition is also observed around 600 K followed by a slope change in 
resistivity vs 1/T [36].    
Influence of Sr2+ doping on spin state transition is studied by 58Co NMR. 
Parent compound shows one type of resonance line associated with LS spin state 
of Co3+. With increasing temperature, gradual change from LS to IS state is 
observed. Similar trend is observed for x = 0.05 composition. For 0.1 ≤ x ≤ 0.2, 
additional spectral line is observed and attributed to Co3+ ion surrounded by 
Co4+ ion.  For 0.3 ≤ x ≤ 0.5, only second peak is observed. First signal becomes 






Figure 1.34: Temperature dependence of the dc magnetization of four 
representative samples [x = 0.50 (a), x = 0.30 (b), x = 0.20 (c), and x = 0.10 (d)] 
after field cooling in 10 Oe (solid symbols) and zero field cooling (open symbols). 
All of the data were measured in a 10 Oe applied field. Adapted from Ref.[122]. 
 
An unusual phase competition between long range ferromagnetism and 
spin-glass (SG) or cluster-glass (CG) ground states have been observed for Sr 
doped NdCoO3 [121]. Figure 1.34 shows zero field and field cool magnetization 
of Nd1-xSrxCoO3 in 10 Oe field. The x = 0.2, 0.3, and 0.5 samples show a sharp 
increase in the FC magnetization at Curie temperatures TC. TC was found 70, 
155, and 220 K for x = 0.2, 0.3, and 0.5 samples respectively[121]. Yang et al. 
[122] , Gmelin et al.,[123] and Ghoshray et al.,[119] also reported similar value 
for TC. Rao et al. [6], reported TC value for x = 0.2, 0.4 and 0.5 compounds are 
65K, 90K and 190K respectively which are smaller than reported above. Far 
below the TC, the magnetization starts decreasing instead of saturation. This 
behavior is consistent with that previously observed for x = 0.33 sample which 
was attributed to ferrimagnetic coupling between rare earth and Co ion [56]. 
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Ferrimagentic transiton (TFerri) is observed 20, 40, and 70 K for x= 0.2, 0.3, and 
0.50, respectively. 
To study the nature of ground state, temperature and frequency 
dependent ac susceptibility has been studied. For x ≤ 0.2, the phase described as 
spin glass (SG)/ cluster glass (CG). For x ≥ 0.3 a strong ferromagnetic nature is 
observed [121] [122]. 
 
 
Figure 1.35: Temperature dependence resistivity of Nd1-xSrxCoO3. Adapted from 
Ref. [122]. 
 
Temperature dependent resistivity of Nd1-xSrxCoO3 has shown in 




< 0) to a weak metallic like(
𝜕𝜌
𝜕𝑇
> 0) has been observed for x ≥ 0.3 
[121]. Fondado et al.[117], reported until 40% doping, system stays in 
semiconducting state until low temperature (77 K). Rao et al .[6], 
observed semiconducting behavior for x ≤ 0.2 and metallic nature was 
found for x ≥ 0.3. Gmelin et al, reported all samples were semiconductor 
except x = 0.5 [123]. Magneto resistance in Nd1-xSrxCoO3 is observed 
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near TC for metallic compounds. 6% MR is reported for x = 0.4 
compound by Leighton et al.,[121] . 
 
Figure 1.36: Temperature dependence Seebeck coefficient of Nd1-xSrxCoO3. 
Adapted from Ref. [124]. 
 
Temperature dependence of Seebeck coefficient of Nd1-xSrxCoO3 has 
shown in Fig. 1.36 [123]. For parent compound, Seebeck coefficient decreases 
with decreasing temperature. For x = 0.1-0.4, Seebeck coefficient increases with 
decreasing temperature and goes through a maxima in paramagnetic state 
followed by decrement with temperature. Sign change occurs for x = 0.5 
compound in ferromagnetic state [6, 117, 123]. Rao et al.,[6] did not observe 
sign change for x = 0.5 compound.  
  Based on electrical and magnetic properties stated above, phase diagram 
of Nd1-xSrxCoO3 has shown in Fig. 1.37. Comparing this phase diagrams with 
La1-xSrxCoO3 [124] , both two compounds show similar kind behavior, despite 
the differences in averaged cation radii and the anticipated differences in 
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electronic bandwidth. The differences appears at low temperature due to 
ordering of Nd ions in Nd1-xSrxCoO3 and reduction in transition temperatures 
due to small ionic radius. For example, the Curie temperatures of La1-xSrxCoO3 
at x = 0.2 and 0.50 are 185 K and 240 K, compared to only 75 K and 225 K for 
Nd1-xSrxCoO3. Phase diagram behavior of both systems is dominated by the 
magneto electronic phase separation that occurs when short-range-ordered 
ferromagnetic clusters form in the hole-poor insulating matrix.  
 
Figure 1.37: Schematic phase diagram of Nd1-xSrxCoO3 in T-x plane. PS = 
paramagnetic semiconductor, PM = paramagnetic metal, FerroM = 
ferromagnetic metal, FerriM = ferrimagnetic metal, SGS = spin/cluster glass 
semiconductor. Adapted from Ref. [121]. 
 
1.3 Objectives and motivations  
 
 
The objective and organisation of thesis work are as follow. 
Nd1-xSrxCoO3 system:  
NdCoO3 is a paramagnetic insulator. Replacement of Nd
3+ ion by Sr2+ 
introduces  a hole (Co+4) in the system. Carrier density increases with 
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Sr2+ concentration. We would like to study, how magnetic, electrical and 
thermo electrical properties of Nd1-xSrx CoO3 (0 ≤ x ≤ 0.5) are effected 
with increasing charge carrier (hole) density. 
Nd0.7-x-yLaxSryCoO3 system: 
We will investigate the effect of La+3 for Nd3+ on electrical, magnetic 
and thermo electric properties. Here, the carrier density is fixed. La3+ is 
a non-magnetic ion and hence it will dilute Nd-Co ferromagnetic 
interaction. Since the La+3 (rLa
3+
 = 1.216 ?̇?) has larger ionic radius than 
Nd3+ (rNd
3+ =1.163 ?̇?), which increases the Co-O-Co bond angle as well 
as eg bandwidth. We would like to study how the change in the band 
width will influence the structural and electrical properties of Nd0.7-x-
yLaxSryCoO3. 
R0.5Sr0.5CoO3 system (R = La, Pr, Nd, Sm, Eu, Gd):  
 With decreasing ionic radius (rA), both tolerance factor and band width 
decrease. We will investigate how tolerance factor affects the electrical, 
magnetic, thermoelectric and magnetocaloric properties in 
R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, Eu, Gd) system. 
 
1.4 Systems under investigation 
 
This thesis is organized as follows. In the Chapter 1, we present a brief 
introduction to Co-based perovskite oxides, various phenomena and few exotic 
properties related to them. The Chapter 2 mainly focuses on the description of 
various experimental techniques used in the current study.  The Chapter 3 
presents a detailed study of magnetic, electrical and thermoelectric properties 
of Nd1-xSrxCoO3 compounds. The Chapter 4 contains a detailed study of 
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electrical and thermoelectric properties of Nd1-x-ylaxSryCoO3 compounds. The 
Chapter 5 focuses on the investigations of electrical, magnetic and 
thermoelectric properties of R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, Eu and Gd) 
compounds. Finally, the Chapter 6 provides the summary of main results 
obtained in this thesis work and its applications with an outlook of future 































Chapter 2. Experimental methods and techniques 
 
In this chapter, a brief review of experimental methods and techniques 
used to prepare cobaltite samples and characterize them are given. The details 
of various commercial and home built instruments used for different type of 
measurements have been discussed here. 
2.1 Sample preparation methods 
 
 All the perovskite cobaltite samples were prepared by the solid state 
reaction method. In this method, high purity (>99.9%) raw materials, procured 
from Sigma Aldrich, were grinded and sintered at high temperature to get single 
phase materials. The prerequisite for this method is that the particle size of raw 
materials has to be smaller than the diffusion length which is expressed as 
                                                                         (2𝐷𝑡)1/2 ≥ 𝐿                                          (2.1) 
where D is diffusion constant, t is sintering time and L is particle size. Generally, 
diffusion is very slow so that high temperature and long-time sintering is 
required for the solid state reaction method. The schematic of sample 
preparation is shown below. 
                                    




2.2 Characterization techniques 
 
2.2.1 X-ray powder diffractometer 
 
X-ray powder diffraction analysis is a standard technique to identify the 
purity of the sample, crystal structure and also grain size and internal strain of 
crystalline materials [125]. X-ray radiation is produced when any electrically 
charged particle of sufficient kinetic energy is rapidly decelerated. Electrons are 
usually used for this purpose. The radiation is produced in X-ray tube which 
contains a source of electrons and two metal electrodes.  X-ray radiation is used 
due to the fact that the inter-atomic distances between planes are comparable to 
the wavelength of the X-ray radiation as shown in Fig. 2.2. This technique is 
based on the principle of Bragg’s law of diffraction: 
                                                                 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                           (2.2)                   
 
where, d is the spacing between the crystalline lattice planes, θ is the glancing 
angle between the incident X-ray beam and the crystalline plane, n is the order 
 




of diffraction and λ is the wavelength of the incident X-ray beam. The main 
advantage of the XRD technique is that it is a non-destructive method. In the 
present study, Philips X’PERT MPD powder X-ray diffractometer with Cu-K 
radiation (λ= 1.542 Å) was used for the structural characterization of the 
polycrystalline compounds. The Rietveld refinement method was used to fit the 
measured powder XRD pattern of the compounds with the help of TOPAS 
software version 3.1 in order to calculate the unit cell parameters.  
2.2.2 Magnetic and electrical transport 
 
 
Figure 2.3: Physical Property Measurement System (PPMS) equipped with 
Vibrating Sample Magnetometer (VSM) module.  
 
A Physical Property Measurement System (PPMS) equipped with a 
superconducting magnet (Quantum Design Inc. U.S.A) was used to carry out 
DC resistivity and magnetic measurements in the temperature range of T = 10-
400 K and in the magnetic field range µ0H = 0-5 T. An inbuilt DC resistivity 
measurement option in PPMS was used to measure the DC resistivity of the all 
perovskite cobaltite samples. Vibrating Sample Magnetometer (VSM) for 
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PPMS by Quantum Design, was used to measure the magnetic properties of the 
sample as a function of temperature and magnetic field.  VSM works on the 
principle of Faraday’s law of electromagnetic induction. When a magnetic 
material vibrates sinusoidally inside a uniform magnetic field, it introduces an 
oscillating magnetic flux. According to Farady’s law this oscillating magnetic 
flux will induce an emf which is detected by a pickup coil. The time dependent 
induced voltage is given by the following equation: 








                             (2.3)                                                                
where ϕ is the magnetic flux enclosed by the pickup coil, z is the vertical motion 
of magnetic material with respect to coil and t is the time. For a sinusoidally 
oscillating sample position, the voltage developed is based on the following 
equation:  
                                                 𝑉𝑒𝑚𝑓 = 2𝜋𝑓𝐶𝑚𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)                          (2.4)                                                  
where C is the coupling constant, m is magnetic moment, A is amplitude of 
oscillation and f is the frequency of oscillation. Frequency of vibration for VSM 
is 40 Hz, and sensitivity is 10-6 emu. In the present study, a VSM provided by 
the Quantum Design is attached to PPMS. In the PPMS-VSM system, the 
maximum field can be applied to 7 T with help of superconducting magnet. The 
photograph of PPMS equipped with VSM module used for the present study is 
shown in Fig. 2.3. It consists of VSM linear motor transport (head) for vibrating 
the sample, pickup coil for detection, electronics for driving the linear motor 
transport and detecting the response from pickup coil, and it uses MultiVu 
software for automation and control.    
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The VSM was extensively used to investigate magnetocaloric effect. 
The magnetic entropy change (Sm) was calculated from the M-H isotherms 






. To estimate the magnetic 




∆𝐻, where M(Ti+1, H) and  M(Ti, H) 
are the magnetization values at temperatures Ti and Ti+1, respectively for field 
interval ∆H. 
 
2.2.3 Thermal transport (Thermopower)  
 
Thermopower (α) of the sample was measured by using the differential 
technique from T = 350 K- 10 K (in some cases 400 K-10 K) with respect to 
copper using a home-made sample stage built on the standard resistivity puck 
provided by the Quantum Design Inc . PPMS was used as a platform to vary the 
temperature and magnetic field. Chromel-Constantan (Type E, size = 36 AWG) 
thermocouple was used to read the temperature difference ∆T. Measured 
thermocouple voltage was converted in to ∆T using the tabulated values 
provided by the National Institute of Standards and Technology 
(NIST)(http://srdata.nist.gov/its90/main/). Two resistive chip heaters (R = 22 ) 
were used to create temperature gradient (∆T). Keithley 6221 current source 
was used to pass current in chip heaters to heat one of them.  Two ‘Keithley 
2182 A’ nano-voltmeter were used to read sample voltage and thermocouple 
voltage. A Keithley 2700 DMM was used to read resistivity voltage when a 




Figure 2.4:(a) Home built setup for measuring thermopower and resistivity 





2.2.3.1 Experimental setup and calibration 
 
In this section, we have provided the detail about the setup and data 
acquisition procedure. The present setup is used for PPMS as well as in CCR 
system.  The whole data acquisition assembly (current sources, nano-
voltmeters, DMM and PPMS) were controlled by National Instruments 
LabVIEW software.  
2.2.3.1.1 Bridge arrangement 
 
Figure 2.4(b) shows a schematic diagram of the bridge arrangement 
fabricated on the PPMS sample puck. A thin Kapton tape (polyimide film) was 
stacked on sample puck to make it electrically insulator. The bridge was 
constructed with two rectangular copper bars of similar dimensions 10x2x1 
mm3.  It was glued on the puck using GE 7301varnish, so that it could easily be 
removed by dissolving the GE varnish with ethanol. The separation between 
two copper bars is adjustable and can be varied from 1.0-5.0 mm depending on 
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the sample size. The variable bridge separation provides flexibility for different 
sizes of the samples. At one end of the bridge, two miniature SM resistors of 22 
Ω are glued using GE varnish to create thermal gradient (∆T) along the sample. 
At the other end of the bridge, two thermocouple tips (differential geometry) 
made by Chromel-Constantan (Type E) thermocouple wires are soldered.  Both 
the bridges are covered with very thin Kapton tape to avoid any electrical 
connection between sample voltage, thermocouples and resistors. Under 
magnetic field, the field is applied perpendicular to the temperature gradient.  
2.2.3.1.2 Diode arrangement 
 
The diode arrangement, as shown in the Fig. 2.4(b), has been made for 
alternate heating of chip resistors to create the thermal gradient along the sample 
using only one current source. The two silicon 4007 diodes are connected in 
parallel with opposite polarity to the positive side of current source as shown in 
Fig. 2.4(b). The SM resistors (H1 and H2) are connected in series with common 
end of the resistors is connected to the negative current source. The positive 
terminal of chip resistors is connect with each diode. Thus, for positive and 
negative currents from current source, only one diode becomes forward biased 
and therefore only one resister is heated.  
2.2.3.1.3 Differential thermocouple arrangement and estimation of ∆T: 
 
The differential arrangement of thermocouples gives a great 
convenience by directly measuring the temperature gradient T across the 
sample rather than by measuring the temperatures at both ends of the sample by 
two separate sensors and then taking difference of that to get T. The 
differential thermocouple tips has been made by welding one end of two 
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Constantan wires with both ends of a Chromel wire as shown  below. The open 
ends of the constantan wires are thermally anchored on the PPMS puck that acts 
as an isothermal reference point for thermocouples. When the tips are heated, 
the thermal voltage (Vth) is generated and calculated as follows. Suppose αCon 
and αChrom are the absolute thermopower of constantan and Chromel 
thermocouple wires respectively at same base (i.e. PPMS puck) temperature T. 
The temperatures at differential thermocouple tips are TA and TB (TA > TB). 
Thus the thermal voltage generated 
−𝑉𝑡ℎ = 𝛼𝐶𝑜𝑛(𝑇 − 𝑇𝐴) + 𝛼𝐶ℎ𝑟𝑜𝑚(𝑇𝐴 − 𝑇𝐵) + 𝛼𝐶𝑜𝑛(𝑇𝐵 − 𝑇)
=  𝛼𝐶𝑜𝑛𝜀(𝑇𝐵 − 𝑇𝐴) + 𝛼𝐶ℎ𝑟𝑜𝑚(𝑇𝐴 − 𝑇𝐵)
= (𝛼𝐶ℎ𝑟𝑜𝑚 − 𝛼𝐶𝑜𝑛)(𝑇𝐴 − 𝑇𝐵) 
(𝑇𝐴 − 𝑇𝐵) = ∆𝑇 = −
𝑉𝑡ℎ
(𝛼𝐶ℎ𝑟𝑜𝑚 − 𝛼𝐶𝑜𝑛)








Figure 2.5: Schematic representation of calculation for ΔT. 
 
Equation (2.5) shows that in differential arrangement, the thermal voltage Vth 


















other. If we know the absolute thermopower for thermocouple system at every 
base temperature, we can directly calculate the thermal gradient T. The 
absolute thermopower for thermocouple system at every base temperature can 
be calculated from the thermal voltage versus temperature table of 
thermocouples from the NIST ITS-90 thermocouple database. Suppose in 
normal thermocouple operation, T is the reference temperature and T′ is some 
measuring temperature then the thermal voltage generated can be written as:  
                                      
−𝑉𝑡ℎ = 𝛼𝐶𝑜𝑛(𝑇 − 𝑇
′) + 𝛼𝐶ℎ𝑟𝑜𝑚(𝑇
′ − 𝑇) 
                                            = (𝛼𝐶ℎ𝑟𝑜𝑚 − 𝛼𝐶𝑜𝑛)(𝑇
′ − 𝑇)                                       
                                            (𝛼𝐶ℎ𝑟𝑜𝑚 − 𝛼𝐶𝑜𝑛) = −𝑉𝑡ℎ/(𝑇
′ − 𝑇)                            (2.6) 
 From eqn. (2.6) it is clear that at any fixed reference temperature T, we can 
calculate the absolute Seebeck coefficient of thermocouple system for all 
measuring temperatures T′. During measurement, the polynomial fit of αChrom-
αCon and T′ for all temperatures between 10K -400K is used to get the value of 
(αChrom-αCon ). Putting the value of (αChrom-αCon) in eqn. 2.4 gives the value of 
T. 
2.2.3.1.4 Measurement of ∆V and estimation of α(T) and resistivity (ρ): 
 
Total nine wires have been used for the measurements of T, V, 
resistivity voltage and for chip resistors (Fig 2.4(b)). Each of two wires have 
been used for the measurements of T, V and resistivity voltage. Three wires 
are used for chip resistors. Channel 1 of two Keithley 2182 A nanovoltmeter is 
used to record the sample voltage (∆V) and thermal voltage (Vth) which later 
converted into T as discussed above.  All measurement wires are thermally 
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anchored to the puck that act as the isothermal reference point. For the 
measurement, the sample is mounted on the bridge directly over the soldered 
tips of thermocouple to minimize the error in T using the silver paste. The tips 
are electrically insulated from the sample through the thin Kapton layer. The 
silver paste provides good thermal contact between the sample and the bridge.  
The voltage difference V is measured using a 50μm diameter copper wire 
attached to the sample using silver epoxy or indium solder as shown in the Fig. 
2.4(b). Preferably for the measurement, samples of thickness less than 1.0 mm 
were used for fast thermal equilibrium and to avoid any vertical temperature 
gradient in the sample that may give error in V. A schematic diagram of the 
measurement units and data acquisition is shown in Fig. 2.4(b). Separate 
computer with LabView software is used for control and data acquisition.  
A small temperature gradient is applied (T ~ 1-2 K) across the sample 
by giving positive current to one of the resistors. After equilibrium is reached, 
the gradient temperature T+(t) and the voltage difference V+(t) are recorded 
after time t. Now the current is reversed keeping the amplitude same and again 
the gradient temperature T-(t) and the voltage difference V-(t) are recorded 
after time t. The equilibrium time 60 sec was used for all samples. Calculating 
the averages of V+(t), V-(t) and T+(t), T-(t) the thermopower (α= −V/T) 
is calculated using the following equations: 
2T= T++ T-                                  (2.7) 
2V= V+−V-                                  (2.8) 
By utilizing two heaters and an alternating gradient T, we avoid the problems 
associated with temperature independent constant offset voltages. 70 mA 
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current was used to generate a temperature gradient T ∼1.0 K for whole 
temperature range from 10 K-400 K.  
 
 
2.2.3.1.5 Algorithm for measurement: 
 
 During measurement for each data point, the following steps were considered. 
1. Stabilise the base temperature (i.e. PPMS puck) and hence the sample 
temperature. This can be achieved by two ways either use the stabilized 
temperature control command or stable temperature command with some 
tolerance T. 
2. Give positive current from the current source. This will heat only one heater 
depending upon the forward biasing of the diode. 
3. Wait for equilibrium to establish for V+ and T+. 
4. Read the V+ and T+ synchronously. 
5.  Give negative current from the current source.  
6. Wait for equilibrium to establish for V- and T-. 
7. Read the V- and T- synchronously. 
8. Calculate V and T using equations (6) and (7). 
9. Calculate α =-V/T 
10. Increase the mean temperature by some temperature step (1-5 K) depending 
upon the requirement of the density of data points and repeat the steps from 
1 to 9. 
This method provides flexibility for the density of the data points. It is found 
that the high density of data points is not required for whole temperature sweep. 
Therefore, depending upon the important regions (e.g. phase transitions etc.), 
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the temperature steps can be adjusted and the total experimental time can be 
saved. 
 
2.2.3.1.6 Errors in the measurement of V: 
 
Errors in V may come from two reasons.  
1. Error in measurement of T: The actual temperature gradient across the 
sample may be less from the measured temperature gradient T due to the 
distance, the thermal resistance of electrical insulation between the sample 
and the thermocouple tips. To minimize these errors, efforts have been 
made by putting the sample directly over the thermocouple tips and using 
the thinnest possible electrical insulator. 
2. Sample thickness: the schematic diagram of the sample bridge system on 
the left and the voltage equivalent of that on the right is shown. It is 
supposed that the absolute thermopower of the sample is α and after one 
of the ends of the sample is heated by SM resistors, the temperature of the 
lower surface of the sample is TA and TB (TA > TB).  
 





The equivalent voltage between points 1 & 2 is  
                                      ∆Veq =  
1
2
[2𝛼(𝑇𝐴 − 𝑇𝐵) − ∆TA] =  [𝛼(∆𝑇) − 𝛼∆𝑇𝐴] (2.9)                        
 
If thermal conductivity of the sample is then in equilibrium TA = (H/kA) 
x where H, x and A are the rate of heat flowing to surface, thickness of the 
sample and the area of cross-section of the sample. From Eq. (2.9) it is clear that 
for thinner samples the error in the measurement of V will be less.  
2.2.3.1.7 Setup calibration and sample thermopower: 
 
For calibration of the setup we have performed a number of 
measurements across different systems and compared the values reported in 
literature. However, for present discussion we will discuss the measurements 
performed on a pure (99.99% from Sigma Aldrich) thin gold wire (25 m) in 
zero as well as in presence of magnetic fields. All the measurements were 
performed w.r.t. copper lead wires. The measured thermal voltage have the 
contributions of both the sample and the reference i.e.  
Vsample = Vmeas. -VCu.  
If the temperature gradient is T and the absolute thermopower of the sample 
and reference are             αsample and αCu respectively. Then,  
                                -αsample(T) = Vmeas. + αCu(T)     
  
                                             (α = -V/T) 
                                  αsample= -(Vmeas./T+αCu)                                             (9) 
For the reference correction the absolute thermopower of the copper wire has 
been taken from Gold et al., [126]. Figure 2.5 shows the thermopower vs 
temperature curve of thin gold wire after reference correction. The 
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thermopower value is less and increases linearly above 100 K. After a shallow 
minimum at 100 K, it shows weak hump around 50 K and becomes negative 
below 25 K. The low temperature negative value has already been reported 
and is known due to the presence of small magnetic impurities e.g. iron. This 
data compares well with the data reported in literature [127]. 

































Chapter 3. Magnetoresistance and 




The purpose of this chapter is to investigate how magnetic, electrical 
and thermoelectrical properties of Nd1--xSrxCoO3 (0   x  0.5) evolve with 
increasing charge carrier (hole) density. Holes (Co4+) are introduced in the Co3+ 
matrix when the divalent Sr2+ ion partially replaces the trivalent rare earth ion 
(Nd3+). Among perovskite cobaltites R1-xSrxCoO3, extensive  physical 
characterizations such as electrical resistivity [1], magnetoresistance [15], 
thermopower  in zero field [51], Mossbauer spectroscopy [5] [42], Hall effect 
[128], and magnetostriction [129] for 0  x  0.5  have been studied  only for  R 
= La. Upon hole doping, the nonmagnetic semiconductor LaCoO3 transforms 
into a ferromagnetic metal for x  0.2 via spin glass (0.07 < x  0.1) and cluster 
spin glass semiconducting state (0.1 ≤ x  0.18) [51]. Large magnetoresistance 
(60-80%) occurs below 20 K in the cluster spin glass semiconducting 
compositions [14]. However, in metallic compositions of La1--xSrxCoO3 (0.  x 
 0.5), maximum magnetoresistance is up to 5-9 % for a field change of μ0H 
= 6 T at the ferromagnetic Curie temperature is found [14] [15]. This is in 
contrast to 60-80 % negative magnetoresistance shown by the manganites at the 
same doping level [130]. The lack of colossal magnetoresistance is probably 
one of the reason for less interest in wide exploration of the rare earth cobaltites.  
Nevertheless, cobaltites show some exciting phenomena that are not typically 
shown by manganites:  spin state transition of Co ions driven by temperature 
and hole doping [36, 41, 51], valence migration of the rare earth ion (Pr3+Pr4+) 
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accompanied by changes in the spin state of Co ions in Pr1-xCaxCoO3 series 
[131] [132] [133], peculiar magnetic anomaly much below ferromagnetic 
transition in Pr0.5Sr0.5CoO3 [134] that seems to be driven by  unusually strong 
hybridization of Pr-O orbitals and changes in lattice parameters [54] [135].     
  Although, electrical resistivity and thermoelectric properties of Nd1-
xSrxCoO3 series already have been studied, [6] [117] [121], they are either in 
limited temperature range (77 K < T < 300 K) [117] or measurements were done 
only above room temperature [6]. Specifically, temperature dependence of 
magnetization M(T,H) of these samples for more than one fixed magnetic field  
has not been investigated  yet. The occurrence of anomalous  maximum in M(T) 
reported earlier [56] in the long range ferromagnetic state of Nd0.67Sr0.33CoO3  
at 0H = 0.1 T is one of the driving factors to investigate Nd1-xSrxCoO3 series. 
So far, there is no report on the effect of external magnetic field on the 
thermopower and attempts to seek correlation between magnetism, electrical 
resistivity and thermopower. 
    
3.2 Experimental details: 
 
Polycrystalline Nd1-xSrxCoO3 samples with x = 0.0, 0.05, 0.1, 0.15, 0.2, 
0.3, 0.4, 0.5 were prepared using the standard solid state reaction route. Powders 
of Nd2O3, SrCO3 and Co3O4 were mixed in proportional molar fraction in mortar 
for 30 min. The calculation of molar fraction of precursor is as follow. For x = 
0.5 composition, 1.5098g of Nd2O3 (M.W.-336.48g), 1.4407g of Co3O4 (M.W.-
240.8g) and 1.3249g of SrCO3 (M.W.-147.63g) were mixed together to get 4.0g 
of sample. Powder was first calcined at 1000 C for 12 hours. Subsequently, the 
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powder was ground and calcined again at 1200C for 12 hours and finally 
pressed into pellet and sintered at 1200 °C for 24 hours.     
  
3.3 Results and discussions: 
 
3.3.1: Structural characterization 
 
Figure 3.1 shows the XRD pattern of Nd1-xSrxCoO3 (x = 0, 0.05, 0.1, 
0.15, 0.2, 0.3, 0.4, 0.45 and 0.5) composition at room temperature. All the 
samples were found to be single phase. Rietveld analysis had been performed 
to analyse the structure of all compositions. All samples crystallize in 
orthorhombic structure (Pnma). The prominent peaks in the XRD pattern are 
indexed by its crystallographic planes and represented by miller indices (hkl). 
Figure 3.2 shows Rietveld analysis of x = 0.05 compound. 
































































Figure 3.1:  X-ray diffraction patterns of Nd1-xSrxCoO3 (x = 0, 0.05, 0.1, 0.15, 0.2, 






























3.3.2: Magnetic properties 
 
Figure 3.3 shows the temperature dependence of magnetization (M) of Nd1-
xSrxCoO3 (x = 0.1, 0.15, 0.2, 0.3, 0.4, 0.45, 0.5) samples upon field cooling under 
H = 1 kOe. The rapid increase of M(T) around TC = 228 K for x = 0.5 indicates 
paramagnetic (PM) to ferromagnetic(FM)  transition upon cooling. The 
ferromagnetic Curie temperature TC is determined from the minima of dM/dT 
curve.  Interestingly, M(T)  of x = 0.5 exhibits a peak at T* = 79 K within the 
long-range FM ordered state, which is attributed to ferrimagnetic coupling 
between Nd and Co lattice [56]. The exchange field provided by Co lattice 
allows Nd moment to align antiparallel. Both TC and T* are shifted towards 
lower temperatures with decreasing hole doping (Sr content).  While M(T) 









































Figure 3.3:   Temperature dependence of magnetization (M) of Nd1-xSrxCoO3 (0.1 
≤ x ≤ 0.5) for 0H = 0.1 T.   ZFC and FC refer to magnetization measured after 
zero-field cooled and field-cooled methods. TC is the ferromagnetic Curie 
temperature and T* is the temperature corresponding to a maximum in M(T) in 




measured in the zero-field cooled (ZFC) and field-cooled(FC) superimpose on 
each other for x  0.3, they differ for lower compositions. For x = 0.2 compound, 
ZFC and FC M(T) curves bifurcate below 66 K and ZFC -M(T) goes through a 
maxima near to bifurcation. It can be seen that FC-M(T) shows a maximum 
around 35 K. For x = 0.15, FC magnetization is not altered qualitatively but 
ZFC shows a cusp at 30 K far below 100 K where FC and ZFC bifurcates. In 
addition, for  x = 0.1,  FC and ZFC curves  bifurcate below 50 K and ZFC-M(T) 
does not show any cusp  down to the lowest temperature.    
Χ-1

















































Figure 3.4:  Inverse susceptibility (χ-1) of Nd1-xSrxCoO3 (0.1 ≤ x ≤ 0.5). Inset: 
Inverse susceptibility for x = 0.1 and 0.15. 
 
 Figure 3.4 depicts the inverse susceptibility (-1 = H/M) for Nd1-
xSrxCoO3 (0.1 ≤ x ≤ 0.5). -1 is linear with T above TC for 0.3 ≤ x ≤ 0.5. However, 
a plateau is observed between 170-260 K for  x = 0.2. A plateau is also observed 
for x = 0.1 and 0.15 in same temperature range as shown inset of Fig. 3.4. The 
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exact origin of this plateau is not known at this moment. We suspect that the  
observed plateau is due to spin state transition of Co3+ ions, most likely from 
low spin Co3+ to high spin Co3+, as also observed in LaCoO3 between 450-650 
K and attributed to spin state transition from low spin Co3+ to high spin Co3+ 
[23, 94]. Spin state transition in NdCoO3 is also reported between 250-300 K 
temperature range [37] [117] [114]. The paramagnetic Curie constant (C) and 







to the high temperature linear part.  The effective moment is calculated using 
relation  𝜇𝑒𝑓𝑓 = √8𝐶  after removing the rare earth Nd
3+ ion (μeff  = 3.5μB) 
contribution from the total effective moment. (𝜇𝑒𝑓𝑓(𝐶𝑜) = 𝜇𝑒𝑓𝑓 − 𝜇𝑒𝑓𝑓(𝑁𝑑3+),
𝜇𝑒𝑓𝑓(𝐶𝑜) = 𝑔√𝑆(𝑆 + 1)𝜇𝐵 𝑤𝑖𝑡ℎ 𝑔 = 2 , 𝜇𝑒𝑓𝑓(𝑁𝑑3+) =
𝑔√𝐽(𝐽 + 1)𝜇𝐵 𝑤ℎ𝑒𝑟𝑒 𝐽 = 𝐿 − 𝑆 =
9
2
𝑎𝑛𝑑 𝑔 = 0.72, 𝜇𝑒𝑓𝑓(𝑁𝑑3+) = 3.5𝜇𝐵 ) 
[136] and spin states of Co3+ and Co4+ are also estimated. Intermediate spin (IS-
𝑡2𝑔
5 𝑒𝑔
1) state of Co3+ ion has been reported in literature and supported by various 
experiments [29] [28] [31]. For x = 0.5 compound, spin state of Co3+ is 
estimated as mixture of the intermediate spin state (IS- t2g
5eg
1) and HS spin state 
(HS-𝑡2𝑔
4 𝑒𝑔
2) [IS(55%)+HS(45%)] and for Co4+ spin state is estimated in low spin 
state (LS-𝑡2𝑔
5 𝑒𝑔
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Table 3.2:  Curie temperature (TC), paramagnetic effective magnetic moment (µeff) 
(theoretical and calculated values) and spin state of Co3+ and Co4+ for different 
compositions. 
 




















































Figure 3.5: (a) M-H curve at 10 K for Nd1-xSrxCoO3 (0.1 ≤ x ≤ 0.5). (b) M5T and 
coercivity (μ0HC) as a function of doping (x).  
 
Figure 3.5(a) shows the field dependent M-H for Nd1-xSrxCoO3 (0.1 ≤ x 
≤ 0.5) compounds at T = 10 K. While M(H) of compound with  x = 0.1 shows a 
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very small hysteresis at low fields and  increases linearly with the magnetic field 
above 0H =  1 T without saturation up to the highest field, x = 0.15 sample 
shows a broad hysteresis  which extends up to 0H =  1.8 T  although its 
coercive field is smaller (0Hc = 0.4 T). The coercive field increases to a 
maximum value (0Hc = 1.38 T) in x = 0.2 and then decreases with further 
increasing x value. We plot 0Hc and M5T in Fig. 3.5(b), which indicates that the 
coercivity decreases from 0Hc = 1.38 T for x = 0.2 to 58 mT for x = 0.5,  
whereas M5T  increases from less than 0.87 B/f.u. for x = 0.2  to 1.64 B/f.u. for 
x = 0.5.  While the value of magnetization at the highest field M5T  increases 
with x,  a rapid increase in M5T  takes place  between x = 0.45 and 0.5 and it is 
also accompanied by a drastic decrease in the coercive field. The x = 0.5 is the 
softest of all the compositions in this series.   
  M5T value depends on Co
3+ and Co+4 ratios and their spin states. The 
observed magnetization value is sum of both Co moment and Nd moment (0.5 
μ(Co)+0.5 μ(Nd)). Refinement of neutron diffraction  data in x = 0.33 sample 
suggests that [56]  Nd3+ ion contributes to 1 μB at 10 K. We took same value of 
Nd3+ moment for calculation and estimated spin states of Co3+ and Co4+ ion. 
After deducting the Nd moment (0.5 μB), the remaining moment of Co ions is 
only 1.15 µB. We estimate that all Co
4+ ions are in LS spin state and for Co3+ 
ion, it is a mixture of IS and LS [IS(65%)+LS(35%)].   
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Figure 3.6:  M-T curve of (a) x = 0.2, (b) x = 0.3 and (c) x = 0.5 at different field. 
Inset: Ferrimagnetic coupling (T*) as function of field. 
 
Now let us look how the low temperature magnetic anomaly is 
influenced by the strength of the external magnetic field. We recorded M(T) 
under different magnetic fields in the field cooling mode and the results are 
shown in Fig 3.6(a), (b) and (c) for x = 0.2, 0.3, and 0.5, respectively.  Under 
magnetic field of μ0H = 0.1 T, M(T) of x = 0.2  shows a broad paramagnetic to 
ferromagnetic transition at TC = 95 K, which is spread over ~10 K interval. TC 
is determined from the inflection point of dM/dT curve. The broadness of the 
transition suggests that the ferromagnetic clusters are most likely dispersed in 
the paramagnetic matrix and intercluster ferromagnetic interaction increases 
and average size of ferromagnetic clusters probably evolves with decreasing 
temperature. The FC -M(T) shows a maximum around T* = 35 K under μ0H = 
0.1 T. The maximum shifts to 15 K under μ0H = 1 T and no maximum is visible 
for μ0H = 2 T. As H increases to 3 T, magnetization shows an upturn below 30 
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K which becomes pronounced under 5 T magnetic field.  We show the field 
dependence of T* for x = 0.2 in the inset of Fig. 3.6(a). Now let us look at M(T) 
of x = 0.3 shown in Fig. 3.6(b).  The TC is determined from low-field M(T, H = 
0.1 T) is higher for this compound (TC = 160 K) and M also increases steeply at 
TC compared to x = 0.2. The low temperature maximum at T* occurs now at 55 
K for 0H = 0.1 T, compared to 35 K for x = 0.2 at the same field strength. 
While the maximum disappears at 0H =2 T and M(T)  shows upturn at low 
temperature for H = 3 T in x = 0.2, the low temperature maximum is visible 
even at 6 T and M shows an upturn at low temperatures only for 0H = 7 T in x 
= 0.3. The field dependence of T* is shown in the inset of Fig. 3.6(b). The TC of 
x = 0.5 is 228 K which is the highest in this series. The maximum in M(T) now 
occurs at T* = 76 K  In contrast to x = 0.3,  the maximum does not disappear 
even at 7 T magnetic field. We show the H-dependence of T* in the inset.  T* 
initially increases with H, goes through a maximum value (T* = 96.4 K) for 0H 
= 2.6 T and decreases as H increases further (T* = 64.3 K for 0H = 7 T). 
The low temperature magnetic anomaly in M(T) at T*  is caused by 
ordering of the Nd(4f) moments antiparallel to the Co sublattice [56]. The direct 
exchange interaction between the Nd ions is weaker than the 4f-3d interaction. 
The strength of magnetic interaction between cations in RMO3 compounds 
generally decreases in the order of M-M, R-M and R-R.  Interestingly, the parent 
compound NdCoO3 has been reported to exhibit antiferromagnetic ordering of  
the Nd moment below 1.2 K due to superexchange interaction between 
neighbouring Nd ions [115] [116], whereas the Co ions remains in non-
magnetic low spin  Co3+ (S= 0) state [115]. The partial replacement of Nd3+ by 
Sr2+ introduces holes (low spin Co4+; t2g
5, S= 1/2) and also changes the spin state 
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of low spin Co3+ to either intermediate spin (Co3+:t2g
5eg
1, S = 1) or high spin 
(Co3+:t2g
4eg
2)  We hypothesis that the external magnetic field aids the exchange 
field which favours ordering temperature of 4f moments to shift with increasing 
H  up to  2.6 T  but a further increase in H causes the 4f moments to reorient 
towards the field direction which weakens the 4f-3d ferromagnetic coupling.  
This causes the magnetic anomaly to shift to lower temperature. While the 4f 
moment does not orient completely along the field direction in x = 0.5, it does 
in x = 0.3 sample which explains the upturn of magnetization at low 
temperature.   





































































































Figure 3.7:  M5T and Coercivity (μ0HC) as function of temperature for (a) x = 0.2. 
(b) ) x = 0.3 and (c) ) x = 0.5. Inset: M-H curve at different temperatures.  
 
Figure 3.7(a) shows coercivity and M5T as function of temperature for x 
= 0.2 compound. While the μ0HC at 10 K is 1.33 T, and it drops to zero at 90 K. 
The coercivity drops rapidly between 10 and 20 K and then decreases gradually. 
It clearly indicates that ferrimagnetic interaction between 4f and 3d moments 
plays important role in coercivity mechanism. On the other side, M5T at 10 K is 
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found 0.86 μB/f.u. and decreases with increasing temperature and reaches 0.58 
μB/f.u. at 90 K. Inset shows isotherms M-H at three different temperature. M5T 
at 10 K is higher than 20 K value and decreases as temperature increases. Figure 
3.7(b) and (c) show coercivity and M5T for x = 0.3 and x= 0.5 compounds. 
Coercivity follows the same trend i.e. its decreases rapidly from 10 to 20 K and 
then goes to zero at high temperature (0.2 T for x = 0.3 at 125 K and 0.034 T 
for x = 0.5 at 100K). Interesting feature is observed in M5T. It goes through a 
maxima with temperature as not observed in x = 0.2 composition. The maxima 
is correlated to ferrimagnetic coupling between Nd(4f) and Co(3d) moments. 
Inset of Fig. 3.7(b) and (c) shows M-H at different temperature. It can be 
evaluated clearly that the M5T value is smaller at 10 K than 20 K and increases 
until critical temperature which coincides with T*.  
3.3.3: Electrical properties  
 
Figure 3.8(a) shows the temperature dependence of the zero field 




< 0 ). The value of room temperature resistivity decreases 
dramatically between x = 0.0 and 0.1 and then decreases gradually. On the other 
hand, samples with 0.3 ≤ x ≤ 0.5 show metallic behavior(
𝑑𝜌
𝑑𝑇
> 0). For clarity, 
Fig. 3.8(b) shows ρ(T) for metallic samples. It can be noted that ρ(T) decreases 
linearly in the paramagnetic state with decreasing temperature and shows a 
change of slope  around curie temperature (TC) as shown by arrow mark. 
Temperature dependence of the resistivity of these ferromagnetic compositions 
is similar to elemental ferromagnets such as Fe and Ni and it is different from 
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manganites which generally show insulating behavior in the paramagnetic state 


























































































Figure 3.8:  (a) Temperature dependence of resistivity (ρ) of Nd1-xSrxCoO3 (0.0 ≤ 
x ≤ 0.5). (b) (T) for metallic samples in zero field (c) (T) of x = 0.3 and 0.5 samples 
under 0H = 0 and 5 T. The data for x = 0.5 is multiplied by 3 for clarity (d) 
Magnetoresistance (MR) as a function of temperature for x = 0.2, 0.3, 0.4 and 0.5.   
 
   We have investigated the effect of external magnetic field (0H = 5 T) 
on all the compositions. However, we noted that the resistivity of samples with 
x < 0.2 are unaffected by the magnetic field even at the lowest temperature and 
hence we do not show them explicitly. We show (T) of the metallic 
compositions x = 0.3 and 0.5 under μ0H = 0 and 5 T in Fig. 3.8(c). As can be 
seen, the magnitude of (T, H) decreases under the influence of external 
magnetic field in a small temperature window around the ferromagnetic 
transition and (T, H) is unaffected by the magnetic field for temperatures much 




where ρ(H) and ρ(0) are resistivity under μ0H = 5 T and 0 T respectively) of x = 
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0.2, 0.3, 0.4 and 0.5 samples in Fig. 3.8(d). The MR is negligible far away from 
TC and increases as TC approaches, goes through a peak value at TC and 
decreases with further decrease in temperature in the ferromagnetic state. The 
peak value of MR increases with x: MR = 1.5%, 3.3%, 4.2%, and 4.8% for x = 
0.2, 0.3, 0.4 and 0.5 respectively. The value of MR is much smaller than in 
manganites [138]. The behavior of MR for metallic samples is similar to metallic 
ferromagnet (like Co, Ni) where spin disorder scattering decreases with 

































































Figure 3.9: Zero field resistivity fitting for (a) x = 0.2 and (b) x = 0.4 
compositions. 
 
Now let us briefly look at the analysis of resistivity data in terms of 
known mechanisms. Figure 3.9(a) and (b) show the resistivity ρ(T) modeling 
for semiconductor and metallic samples, respectively. When electrical transport 
is dominated by hopping of charge carriers among the localized states of 
equivalent energy but separated in space, the resistivity is expected to follow 
(T) = (0)exp(-T0/T)1/4 which describes the Mott's variable range hopping 
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mechanism in three dimension. In semiconductor samples, ρ(T) follow ln(ρ) vs 
(1/T)1/4 below TC, which is a characteristic of Mott's variable range hopping 
[139]. Figure 3.9(a) shows resistivity fitting for x = 0.2 composition. Open 
symbol shows the raw data and red curve shows variable range hopping fitting 
with coefficient values ρ0 = 7mΩ cm and T0 = 80 K.  Variable range hopping 
starts deviating around 200 K. At high temperature ρ(T) follows thermally 




)), which is shown in Fig. 3.9(a) for x = 0.2 composition from 100 K 
to 350 K. Thermally activated conduction also starts deviating below 200 K. 
For metallic samples, ρ(T) is fitted with equation ρ(T)= ρ0 +ρ2T2+ρ4T4 ,where 
ρ0 is a temperature independent terms that takes account of scattering due to 
impurities, grain boundaries etc., T2 term is generally attributed to electron-
electron or electron-magnon scattering, [140] [141] and T4 term is due to spin 
wave fluctuation as reported by Mandal et al., [142], which is shown in Fig. 
3.9(b) for x = 0.4 composition. Inset shows the ρ(T, 5T)  fitted with same 
equation used for zero field data. T4 term coefficient decreases by one order 
which supports that T4 term is related to spin disorder scattering. At high 
temperature metallic samples shows linear (ρ=ρ0+ρ1T) behavior like a metal. 
The coefficients used for fitting in ferromagnetic state are ρ0 = 4.62×10-4 Ω cm, 
ρ2 = 8.176×10-9 Ω cm/K2 and ρ4 = 1.0×10-15 Ω cm/K4, respectively. The 
coefficient values are of the same order as reported by Mandal et al., for La1-
xSrxCoO3. [142]. The coefficients for all other compositions are tabulated in 





x ρ0(Ω cm) 
(VRH) 
0 (K) ρ0(Ω cm) 
(TAC) 
EA(eV) 
0   0.007 0.43 
0.1 0.15 5200 0.002 0.12 
0.15 0.008 630 0.0009 0.068 
0.2 0.007 80 0.0037 0.013 
 
Table 3.3:  Coefficient of resistivity fitting for all semiconductor samples. T0- 
Mott’s parameter temperature, EA- activation energy  
 
x ρ0(Ω cm) ρ2 Ω 
cm 




ρ1 Ω cm 
0.3 0.00225 4.0x10-8      3.35x10-
15 
0.0034 2.2x10-6 
   0.4 4.62x10-4 8.141x10-9      1.0x10-15 5.56x10-4 1.34x10-6 
0.5        3.0x10-4 5.79x10-9      1.0x10-16 3.47x10-4 1.21x10-6 
 
Table 3.4: Coefficients: ρ0-residual resistivity, ρ2-prefactor for T
2 term and ρ4, for 
Resistivity fitting for all metal samples. 
Based on our electrical and magnetic results, we have plotted phase 
diagram for Nd1-xSrxCoO3 shown in Fig. 3.10. The cluster glass state (SG) 
inserted into phase diagram is proposed by C. Leighton. 

























    Figure 3.10: Phase diagram of Nd1-xSrxCoO3 (0.0 ≤ x ≤ 0.5) on the basis of 





Figure 3.11(a) and (b) show the Seebeck coefficient or thermopower (α) 
as function of temperature for non-metallic and metallic samples, respectively. 
We show (T) of the parent compound (x = 0) in the inset of Fig. 3.11(a). α(T) 
is positive (= 370 μV/K at 350 K) and it decreases with decreasing temperature 
but shows an abrupt increase around 250 K and it reaches ~2 mV/K around 220 
K below which the data were noisy due to high resistivity ( > 1M cm) of the 
sample. The reason for the sudden jump in α(T) is not known at present. All four 
nonmetallic samples (x = 0, 0.05, 0.1, and 0.2) shows positive thermopower 
down to the lowest temperature measured. In x = 0.05,   = 300 V/K at 350 K 




































































Figure 3.11:  (a) Temperature dependence of thermopower () of Nd1-xSrxCoO3 
(0.0 ≤ x ≤ 0.2) and (b) (0.3 ≤ x ≤ 0.5). Inset: (a) Thermopower for x = 0 compound, 




maximum around Tmax = 250 K and decreases as T decreases further. (T) is 
not measurable below 50 K in this sample due to high value of resistivity. The 
value of (350 K) decreases as x increases to 0.1 and 0.2. (T) of x = 0.1 and 
0.2 also shows a maximum. Note that (T) of x = 0.2 is multiplied by a factor 
2 to accommodate in the same graph. The maximum in (T) occurs at Tmax = 
250 K, 230 K, and 175 K for x = 0.05, 0.1 and 0.2, respectively. 
 (T) of metallic compositions exhibits four important feature. First, 
(T) is positive in the entire temperature range for x = 0.3 but it changes sign 
from positive to negative much below TC in x = 0.4 (~160 K) and very close to 
TC in x = 0.5 (~220 K). Second, (T) undergoes a change of slope at TC, which 
is clearly visible in x = 0.4 and 0.5. TC are marked by arrows. Third, (T) shows 
a broad maximum above TC in x = 0.3 and 0.4, even though (T) of these 
compositions show metallic behavior.  Fourth, (T) of x = 0.4 and 0.5 goes 
through a minimum at low temperature within the ferromagnetic state and 
decreases towards zero as T10 K.  Inset of Fig. 3.11(b) shows comparison of 
α(T) value at 350 K and 10 K as function of x. At 350 K, α(T) is found 165 μV/K 
for x = 0.1 composition and decreases with increasing x and reaches 4.7 μV/K 
for x = 0.5 composition. At 10 K, α reaches 51 μV/K for x = 0.1 composition 
and decreases with increasing x followed by a sign change for x = 0.5 
































































Figure 3.12: (a) Power factor (α2/ρ) of Nd1-xSrxCoO3 (0.1 ≤ x ≤ 0.5). (b) Magnetic 
field effect on thermopower (α) for metallic samples (0.3 ≤ x ≤ 0.5). Inset:  
Magnetothermopower for x = 0.3 and 0.4 compound. 
 
Figure 3.12(a) shows power factor (PF = α2/ρ) for all compositions. For 
efficient conversion of heat into electricity, the power factor should be large and 
thermal conductivity (k) should be as small as possible (Figure of merit, Z = 
α2/k).   For x = 0.05 and 0.1, PF increases with temperature and at 350 K, it 
reaches 0.165 and 0.28 μW cm-1K-2 respectively. For 0.2 ≤ x ≤ 0.5, power factor 
is very small at 10 K, increases initially with temperature, goes through 
maximum value and decreases with further increasing in temperature. Highest 
value of power factor (= 0.4 μW cm-1K-2) was observed for x = 0.5 compound 
around 90 K. This value is smaller than 250 W/m-1K2 found at 350 K in 




Next, let us look at the effect of magnetic field on thermopower. Figure 
3.12(b) shows effect of magnetic field on thermopower for 0.3 ≤ x ≤ 0.5 
compositions. For semiconductor samples, we did not observe any field effect 
on the thermopower. While (T) much above and below TC is unaffected by the 
magnetic field, a significant effect is observed near TC. At TC, α(T) decreases by 
10 % and 39 % for x = 0.3 and x = 0.4 compositions under μ0H = 5 T. 
Interestingly,  for x = 0.5 compound, α(T) changes sign with application of the 
magnetic field i.e. value changes from 2.9 μV/K to -0.2 μV/K with 5 T field at 
T = 221 K.   Inset of Fig. 3.12(b) shows magneto thermopower as function of 














































Figure 3.13:  Model fitting of thermopower for (a) x = 0.2 (b) x = 0.4. 
  In low temperature region where ρ(T) follows the Mott’s 3D variable 
range hopping model, thermopower (α) for a slowly varying density of states is 
predicted to follow the following relation [143]. 
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  is the Mott parameter, ξ is the correlation length. Hence, in the 
VRH regime in 3 dimension𝛼(𝑇) ∝ 𝑇0.5.  When the electrical conduction is due 
to thermally activated hopping among the nearest neighbors (TAC),  
thermopower follows [144]. 






+ 𝛽]                                               (3.2) 
  
where ES is the activation energy for thermal excitation to the nearest sites. This 
relation is expected to valid for a band semiconductor. In Fig. 3.13(a), we show 
(T) for x = 0.2 and the fit for low temperature as well as at higher temperature. 
Black open symbol represents the experimental data and red and blue lines show 




. The maxima in α(T) occurs when there is a change 
in the nature of electrical conduction, i.e., from VRH to TAC.  Activation 
energy was calculated from high temperature fitting and found to be 6.9 meV, 
which is less than value obtained from resistivity (13 meV). For ferromagnetic 
metallic samples α(T) mimics the ρ(T) behaviour and fitted with similar kind of 
equation used for resistivity.  
                    𝛼 = 𝛼0 + 𝛼2𝑇
2 + 𝛼4𝑇
4                                               (3.3) 
The first term 0 is a constant. The second term corresponds to either from 
electron-electron scattering or electron-magnon scattering [145]  and the third 
term is related to spin wave fluctuation near TC [68, 142, 146]. Fitting of eq. 3 
has been shown in Fig. 3.13(b). Equation fits well until 100 K and then starts to 
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deviate. Below 100 K, α(T) goes through a broad minimum and then starts to 
decrease towards zero value . At low temperature (T < 100 K), ρ(T) fits well 
with T2 term therefore, we fitted α(T) also with T2 term and equation is given 
below: 




′ 𝑇3                                    (3.4) 
where the first term is related to diffusion of carriers and the second term is 
related to either electron-electron or electron-magnon scattering. The third term  
represents the phonon-drag contribution.  The low temperature data is fitted 
with above equation and is shown in Fig. 3.13(b). At T > TC, i.e., in the 
paramagnetic state α(T) follows the equation given below:  




                                       (3.5) 
 The linear term in T is due to diffusion of the carriers and 1/T term is due to 
phonon scattering. The maxima for x = 0.4 compound in paramagnetic state is 
attributed to competition between diffusion term (αd αT) and phonon scattering 
















Table 3.5:  Fitting variable of thermopower for Nd1-xSrxCoO3 (0.1 ≤ x ≤ 0.5). 
 
3.3.5 Correlation between magnetization (M), resistivity (ρ) and 
thermopower (α) 
 
To seek the correlation between the magnetization (M), resistivity (ρ) and 
thermopower (α), we have plotted M(T), ρ(T) and α(T) together as a function of 
temperature for all compositions in Fig. 3.14(a-f). In case of x = 0.2, 0.1, 0.05 
compounds, (T) keeps increasing with lowering temperature, α(T, H = 0)  
initially increases as T is lowered from 350 K,  goes through a broad maximum 
(α = +41, 198, and 320 V/K for x = 0.2, 0.1 and 0.05 respectively)  around 
Tα
max = 174 K, 228 K, and 250 K respectively and then decreases continuously 
down to the lowest temperature. This broad maximum in this composition is not 
related to the magnetic phase transition. α(T) is positive over the entire 
temperature range in these compositions suggesting that holes primarily 






















0.1    -0.9 18           
58me
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0.3    1  4x10-4 -5.6x10-7      4.9  2500 
0.4 -0.2 0.0017 -3.1x10-6 -4.5  -3x10-4 8x10-9  -0.01  1800 
0.5 -0.29 0.0019 -3.2x10-6 -10  1x10-8 5.8x10-9   0.002   
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impact either on the resistivity or on the α maximum. α(T) shows peak near the 
temperature at which ρ(T) changes its characteristic from Mott to TAC. For 
semiconductor samples, ρ(T) and α(T) are correlated with change in electrical 
conduction. x = 0.3, and 0.4 are metallic (d/dT > 0) above and below 
 
Figure 3.14:  Magnetization (M), resistivity (ρ) and thermopower (α) of Nd1-
xSrxCoO3 (x = 0.05, 0.1, 0.2, 0.3, 0.4, 0.5) (a-f).  
 
TC ,  but  the onset of ferromagnetic ordering in the Co sublattice causes 
ρ(T) to change its slope. As the temperature decreases below 350 K, α(T) 
gradually increases from +6.14 V/K (x = 0.4) and +9.1 V/K (x = 0.3) at 350 
K  to a maximum value of +9.05 V/K  at Tαmax = 255 K. for x = 0.4 and +12.7 
V/K  at Tαmax = 225 K for x = 0.3. For x = 0.3, it starts to decrease and shows 
a slope change near TC (160 K). Below TC, α(T) decreases continuously and 
reaches 1.3 V/K  at 10 K. For x = 0.4, it shows a rapid decrease around the 
ferromagnetic Curie temperature (TC = 202 K), below which α decreases in 
magnitude and crosses zero around 152 K. Then, α becomes more negative, 
shows an upturn around Tα
min = 74 K and approaches zero as T  10 K.  α(350 
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K)  for x = 0.5 is +4.7 V/K, which is smaller than that of  x = 0.4. α(T)  for T 
>  TC  and  100 K < T < TC  closely tracks the  behaviour of  (T). It decreases 
linearly with decreasing T in the paramagnetic state and shows a rapid decrease 
at the onset of ferromagnetic orders. The broad maximum seen in the 
paramagnetic state of x = 0.4 is not visible for x = 0.5. However, α(T) of x = 0.5 
changes sign to negative close to TC = 230 K, unlike much below TC in x = 0.4.  
Then, α(T) shows  an upturn around 100 K (where α = -10.3 V/K) and 
decreases towards zero as T approaches 10 K. The applied magnetic field of 5 
T causes resistivity and thermopower values to decrease in the vicinity of TC, 
but there is negligible effect far below and far above TC. For metallic samples, 
electrical and thermal properties are correlated with magnetic state of the 
system. 
Cobalt oxides are strongly correlated electron system. Effects of strong 
electron correlation on thermopower has been studied theoretically by several 
authors based on Hubbard model [57, 147]. It has been found that spin 
degeneracy can affect thermopower. The high temperature limit of 
thermopower is determined by the Heikes formula [148]. 






)                        (3.6) 
where x is concentration of Co4+ ion. This formula can be extended for cobalt 
oxides. Let us assume that the number of configuration for Co3+and Co4+ are g3 
and g4 respectively. The values of g3 and g4 are determined by the Hund’s rule 
coupling and the crystal-field splitting ( = 10 Dq) between eg and t2g levels and 
temperature T(K). The total number of the possible states g is given by the 
products of g3 , g4, and the number of ways of arranging Co
3+ and Co4+ sites 
which is given by [149] 
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                      (3.7) 
 
where M is the number of Co4+ sites 
Thermopower is given by 








)                                (3.8) 
 
The competition between crystalline field and Hund’s rule coupling is 
responsible for the degeneracy of the electronic states of a Co3+and Co4+ ions, 












Uchinokura et al.,[69] first showed large thermopower in NaCo2O4 and later 
Ong et al. [150], reported the origin of large thermopower in this compound. 
The large value of α(T) was attributed to spin entropy of this system. The spin 
entropy comes in picture due to mix valance state of Co ions (Co3+and Co4+).  
The mechanism of thermopower in oxide materials has not been investigated 
yet in detail. We have applied Heikes formula for our experimental results as 









Figure 3.15:  Comparison of experimentally observed (blue) value and theoretical 
value calculated using the modified Heikes formula with taking spin and orbital 
degeneracy into consideration (red). 
















3.3.6: Correlation between magnetothermopower and magnetoresistance 
 
Mott's formula relates the diffusive component of the thermopower to 
the energy dependence of electrical conductivity through a simple relation [68].  










or through the resistivity  
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Figure 3.16: Magnetic field dependence of (a) resistivity (ρ) and  (b) thermopower 
(α) at three selected temperatures near the ferromagnetic transition (Tc = 200 K ) 
for x = 0.4. (c) Correlation between ρ(H) and α (H). (d) Correlation between 
magnetothermopower [ –(∆α/α)] vs magnetoresistance [ -(∆ρ/ρ)]. 
 
For granular alloys and also magnetic/non-magnetic multilayers, the linear 
dependency of the thermopower on the conductivity under an applied magnetic 
field has been observed [151, 152]. 







)𝜀=𝜀𝑓                       (3.10) 
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Equation 10 shows inverse linear relation between α(H) and ρ(H). A linear 
relation between magneto thermopower and magnetoresistance can be 
expected. Figure 3.16(a) and (b) show ρ(H) and α(H) as a function of magnetic 
field, respectively. Both show a similar trend with increasing strength of 
magnetic field. The plot of α(H) versus ρ(H) near TC  is shown in Fig.3.16(c). 
Linear relation between  on  is observed. Figure 3.16(d) shows the plot of 
magneto thermopower versus magnetoresistance for x = 0.4 composition near 
TC. The curves are linear. While 190 and 200 K curves fall on each other, the 




The magnetic and electrical properties of Nd1-xSrxCoO3 closely resemble 
the well-studied La1-xSrxCoO3 series [51]. The main difference in the magnetic 
property between Nd and La based cobaltites is the appearance of a broad peak 
in the temperature dependence of magnetization well inside the ferromagnetic 
region in the Nd-Sr-CoO3 compounds and its absence in La-Sr-CoO3.  The 
magnetic anomaly is suggested to polarization of Nd-4f moments opposite to 
Co-3d moment. Hence, 4f-3d interaction is ferrimagnetic in nature in the 
investigated compound.  The shift of T* towards higher temperature with 
increasing hole density and  TC indicates that ordering of Nd moment is induced 
by the exchange field of the  ferromagnetically ordered Co-sublattice rather than 
by Nd-Nd interaction.  While the ferrimagnetic coupling disappears with 
increasing magnetic field in x = 0.2 and 0.3, but it is not completely eliminated 
in x = 0.5 even under 7 T.  So far, no other rare earth ion is found to order 
antiparallel to the Co-sublattice in perovskite cobaltites.  The ferrimagnetic 
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super-exchange interaction between Co:3d and Nd:4f  ions has to take place via 
the O-2p orbitals. It is the Nd:5d orbitals that hybridize with O-2p orbital. 
Hence, the exchange interaction between Co-3d and Nd-4f spins will be 
mediated by 5d conduction electrons of Nd ion, somehow similar to RKKY 
interaction.  However, the detail understanding of 4f-3d interaction in this 
compound requires information about the band structure. Particularly, we 
should know whether 4f orbital lies at the Fermi level and whether it hybridizes 
with Co:3d orbitals via oxygen-2p orbitals. 
     The induced ordering of Nd:4f moment apparently has no direct effect on the 
electrical resistivity and the thermoelectric power. Thermopower shows a clear 
change of slope at TC in the metallic compositions which suggests that  decrease 
in spin disorder scattering upon cooling directly affects  thermopower. The  
decrease of thermopower under magnetic field near TC  is most likely caused by  
suppression of spin fluctuations under the magnetic field. Suppression of spin 
fluctuations decreases the spin entropy and increases charge carrier's mean free 
path and hence electrical conductivity. The linear dependence of 
magnetothermopower on magnetoresistance indicates that scattering 
mechanism governing charge transport and heat transport are the same. 
However, no theoretical model is available to fit the experimental data. The sign 
of thermopower possess another challenge. While the positive sign of 
thermopower in x  0.3 indicates that holes are dominant carriers as anticipated 
from the conversion of Co:3d6 to  Co3+:d5, the change in sign with decreasing 
temperature in x = 0.4 and 0.5 is far from clear understanding.  While it can be 
taken as an  indication of band structure changing between hole like and electron 
like with decreasing temperature,  independent confirmation of band structure 
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change by other techniques is needed. On the other hand, a simple way to 
understand the sign change is to consider that both holes and electrons 




    
where e (h) and σe(σh) stand for thermopower due to electrons(holes) and 
electrical conductivity of electrons(holes).  Since the mobility of electrons is in 
general larger than that of holes, σe > σh. The sign of thermopower changes to 
negative when the mobility of electrons exceeds the hole with lowering 
temperature. Another possibility for the sign change of thermopower is the 
phase separation. If the sample is microscopically phase separated into hole 
poor and hole rich regions and if their population change with decreasing 
temperature, then sign of thermopower can change.  Interpretation of 
thermopower along this line was suggested by Rodriguez and Goodenough [51]. 
While their interpretation may be suitable for composition near the insulator-
metal phase boundary (x = 0.2),  there is no evidence for macroscopic 
coexistence of  hole rich and hole poor regions in highly conducting samples 
such as x = 0.4 and 0.5. 
 
3.5 Summary  
 
The important result of this chapter are summarized below: 
1. Partial replacement of Nd3+ by Sr2+ dopes holes in Nd1-xSrxCoO3. 
The paramagnetic NdCoO3 transforms into ferromagnetic metal 
for 0.3  x  0.5 through ferromagnetic semiconducting state for 
x = 0.2. It is found that magnetization within the ferromagnetic 
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state goes through a maximum at the temperature T* in samples 
with 0.2  x  0.5.  The position of T* increases with hole doping 
but decreases with increasing field strength for a given 
composition. T* signifies ferrimagnetic interaction between 
Nd(4f) and Co(3d) moments- which is unusual phenomenon in 
ferromagnetic oxides. Except in x = 0.5, M shows a reversal 
effect, i.e. M (T) shows an upturn instead of a downturn with 
increasing strength of magnetic field. 
2. Electrical transport of Nd1-xSrxCoO3 series is studied under zero 
magnetic field and under μ0H = 5 T from 350 K to down to 10 
K. For (0  x  0.2), resistivity (ρ) shows non-metallic behaviour 
throughout temperature range and for (0.3  x  0.5), ρ(T) shows 
metallic behaviour.  While the applied magnetic field has no 
influence on resistivity in 0  x  0.1, it decreases the value of 
resistivity mainly near the ferromagnetic Curie temperature in 
0.2  x  0.5, Magnetoresistance (MR) exhibits a peak at TC and 
its magnitude increases with x (MR= 1.5 % for x = 0.2 and 4.8 
% for x = 0.5). MR in metallic samples was attributed to spin 
disorder scattering.   In non-metallic samples, ρ(T) follows the 
Mott’s variable range hopping at low temperature range and 
thermally activated hopping conduction  at high temperature In 
metallic samples, ρ(T)  T2+T4  in ferromagnetic state where T2 
term is due to electron-electron scattering and T4 term is due to 
spin wave fluctuation  near TC. In paramagnetic state, ρ is 




3. Seebeck coefficient or thermopower (α) of Nd1-xSrxCoO3 series 
is studied under zero magnetic field and under μ0H = 5 T while 
cooling from 350 K to 10 K. The magnitude of  decreases with 
increasing x, which reflects an increment in carrier 
concentration. In all the non-metallic samples (0 ≤  x ≤  0.2), (T) 
is positive in the entire temperature range. (T) initially 
increases with lowering T and goes through a maximum value at 
a temperature Tmax, which is not connected with the magnetic 
phase transition. It is found that the maximum in α(T) reflects 
change in the nature of electrical conduction, i.e., from variable 
range hopping at low temperature to thermally activated 
conduction at high temperature.  Thermopower of these non-
metallic samples are unaffected by magnetic field. (T) in the 
metallic samples (0.3 ≤ x ≤ 0.5) undergoes a slope change at TC 
and (T) in the vicinity of TC is affected by the magnetic field, 
similar to the trend seen in the dc resistivity. In x = 0.4 and 0.5, 
α(T) changes sign with decreasing temperature in zero field and 
in x = 0.5, the sign of  also changes with the magnetic field.  
The origin of magneto thermopower is suggested to suppression 
of spin fluctuations. 
 
4. Correlation between magnetoresistance and 
magnetothermopower is studied for metallic compositions. A 
 100 
 
linear relation was observed between these quantities which 




























Chapter 4. Magnetic, electrical and thermoelectric properties of  




 In last chapter, we have studied magnetoresistance and magneto 
thermopower in Nd1-xSrxCoO3 series as a function of hole doping. The hole 
doping was achieved by substitution of Sr2+ for Nd3+. It is found that Nd-Co 
ferrimagnetic interaction dominates the temperature dependence of 
magnetization at low temperature for x > 0.2. In this chapter, we will investigate 
the effect of substitution of La3+ for Nd3+ on electrical, magnetic and thermal 
properties. La3+ substitution has two important roles: (1) It is nonmagnetic (4f0) 
and hence it can dilute Nd-Co ferrimagnetic interaction; (2) Since the ionic 
radius of La3+ (rLa
3+
 =1.216?̇? ) is larger than that of Nd3+ (rNd3+ = 1.163?̇?), it will 
widen Co-O-Co bond angle and hence increases the eg bandwidth at a fixed 
carrier density. We would like to study how the change in the band width will 
influence the structural and electrical properties in Nd0.8-xLaxSr0.2CoO3 (x = 0-
0.8), Nd0.7-xLaxSr0.3CoO3 (x = 0-0.7), and Nd0.5-xLaxSr0.5CoO3 (x= 0-0.5) series. 
4.2 Experimental details 
 
 Polycrystalline compounds Nd0.8-xLaxSr0.2CoO3 ( x = 0.0, 0.1, 0.2, 0.3, 
0.4, 0.5, 0.6, 0.7, 0.8), Nd0.7-xLaxSr0.3CoO3 ( x = 0.0,  0.1, 0.2, 0.3, 0.35, 0.4, 0.5, 
0.6, 0.7), and  Nd0.5-xLaxSr0.5CoO3 ( x = 0.0, 0.2, 0.4, 0.5), were prepared by the 
solid state synthesis route. After preheating La2O3 at 900 °C for 8 hours, 
stoichiometric mixture of La2O3, Nd2O3, SrCO3 and Co3O4 precursors were 
mixed together and were homogenized in an agate mortar. The mixture was 
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sintered at 1000 °C and 1200 °C for 12 hours each with intermediate grindings. 
After that, the compounds were pressed into dense pellets under a pressure of 
5000 psi and heat treated at 1200 °C for 24 hours to get dense pellets of all 
compounds. Single phase identification was performed by the powder XRD 
experiment (Philips X’pert Pro) using Cu-Kα radiation. The observed room 
temperature XRD patterns of all the compounds were indexed using TOPAS 




4.3.1 Results and discussion 
 
4.3.1.1 Structural characterization 
 
Figure 4.1 shows XRD pattern of Nd0.8-xLaxSr0.2CoO3 (x = 0, 0.1, 0.2, 









Figure 4.1:  X-ray diffraction patterns of Nd0.8-xLaxSr0.2CoO3 (x = 0, 0.1, 0.2, 0.3, 
0.4, 0.5, 0.6, 0.7 and 0.8) compounds at room temperature. 
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analysis of the structural data indicates that the parent compound (x = 0) is 
orthorhombic (Pnma space group). The structure changes from orthorhombic (x 
= 0 to 0.3) to hexagonal with space group [𝑅3̅𝐶] (x = 0.4 to 0.8) with increasing 
La content. The unit cell volume progressively increases with x. The prominent 
peaks in the XRD pattern are indexed by its crystallographic planes and 
represented by miller indices (hkl). Figure 4.2 shows Rietveld analysis of x = 





                       
Figure 4.2: Rietveld refinement fit and diffraction peaks for x = 0.4. 
 
Sample a(A0) b(A0) c(A0) Vol.(A0)3 Structure 
         0.0     5.3541 7.6012     5.360   218.1390          Pnma 
        0.1    5.3621          7.6032    5.3613   218.5691          Pnma 
        0.2    5.3823          7.6092   5.3402   219.1242          Pnma 
        0.3    5.3862          7.6151   5.3583   219.7784          Pnma 
        0.4    5.4213   13.0971   333.4541 𝑹?̅?𝒄 
       0.5    5.4314   13.1083   334.8789 𝑹?̅?𝒄 
       0.6   5.4332   13.0124   335.588 𝑹?̅?𝒄 
       0.7   5.4393   13.1612   337.2310 𝑹?̅?𝒄 
       0.8   5.4465   13.1924  338.9281 𝑹?̅?𝒄 
 
Table 4.1:  Structural parameters and volume of unit cell of Nd0.8-xLaxSrxCoO3 
































4.3.1.2 DC magnetization and resistivity 
 
Figure 4.3(a) shows magnetization (M) of Nd0.8-x LaxSr0.2CoO3 (x = 0.0, 0.1, 0.2, 
0.3, 0.4, 0.5, 0.6, 0.7, 0.8) as a function of temperature while field cooling under 
magnetic field of H = 1 kOe. The ferromagnetic Curie temperature TC is 
identified from the inflection point of the dM/dT curve. The x = 0.2 sample is 
ferromagnetic below TC = 95 K and it shows a broad maximum at T* within the 
ferromagnetic state.  The TC increases with increasing La
3+ content and reaches 
the highest value (TC = 200 K) for the end member of the series La0.8Sr0.2CoO3 
(x = 0.8) The T* also shifts up with increasing La3+ content and it reaches a 
maximum value of 55 K for x = 0.6 and then decreases to 43 K for x = 0.7. The 
end compound (x = 0.8) does not show the low temperature magnetic anomaly.   
 
Figure 4.3: (a) Magnetization (M) curve of Nd0.8-xLaxSr0.2CoO3 (x = 0.0, 0.1, 0.2, 
0.3, 0.4, 0.5, 0.6, 0.7, 0.8) as a function of temperature. Inset: TC and T* as function 
of doping. (b) Field cooled isotherm magnetization (M-H) curve at 10 K. Inset: 
coercivity (μ0HC) and saturation magnetization (M5T) as function of La content. 
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The variation of TC and T* with composition (x) are shown in inset of Fig. 
4.3(a). Figure 4.3(b) shows isothermal magnetization M(H) data  for Nd0.8-
xLaxSr0.2CoO3  series at T = 10 K. M(H) of the parent compound shows 
hysteresis with a large  coercive field (μ0HC = 1.36 T) and M increases without 
saturation up to the maximum field of  μ0H = 5 T. Non-saturation behaviour of 
M(H) is prominent in La3+ compounds for x ≤ 0.4 and the slope of the high-field 
M(H) are nearly same  for these samples. However, M shows a saturation 
tendency for x ≥ 0.5 and value of M at μ0H = 5 T increases with La3+ doping. 
The inset shows saturation magnetization (M5T) and coercivity as a function of 
La3+ doping. M5T obtained from the highest field of M(H) curve  increases  from 
0.8 B/f.u.  for x = 0  to 1.4 B/f.u. for  x = 0.8. However, the coercive field 
(μ0HC) decreases dramatically with increasing x (0HC = 48.4 mT for x = 0.8 
compared to 0HC = 1.36 T for x=0.0). For x = 0.0, M5T is 0.8µB, which is the 
sum of Co and Nd moments (μ(Co)+0.8μ(Nd)). If we take the value of (Nd3+) 
= 1 B at 10 K as indicated by analysis of  the neutron diffraction data [56], we 
can estimate the Co moment. After deducting Nd moment (0.8μB) from the 
measured value, we obtained M is negligible for x = 0 sample which indicates 
that Co3+ and Co4+ ions are in LS spin state. On the other hand,  x = 0.8 
composition,  all Co4+ ions are estimated to be in LS (t2g
5eg
0) spin state and Co3+ 
ions are estimated in mixture of LS (LS- t2g
6eg
0) and IS (IS- t2g
5eg
1) state [IS 
(75%) + LS (25%) ]. We have shown the variation of HC and M5T with La
3+ 
doping inset of Fig. 4.3(b).  
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Figure 4.4: Inverse susceptibility for Nd0.8-xLaxSr0.2CoO3 (0.0 ≤ x ≤ 0.8). 
 
Figure 4.4 shows the inverse susceptibility as a function of temperature 
for selected compositions for clarity. A linear relation is observed for 0.6 ≤ x ≤ 
0.8 compounds in the paramagnetic state. The parent compound (x = 0) shows 
a plateau in the temperature range T = 170- 260 K. As we discussed in the last 
chapter, this could be due to spin state transition. The plateau shifts to higher 
temperature with La3+ doping (0.0 ≤ x ≤ 0.5) and no plateau was observed for x 
≥ 0.6. Curie constant (C) and Curie temperature (𝜣) were estimated from the 






 ) to the high temperature linear part.  The effective 
moment is calculated using relation 𝜇𝑒𝑓𝑓 = √8𝐶 after removing contribution of 
Nd3+ion (μeff  = 3.5μB) from total effective moment ( 𝜇𝑒𝑓𝑓(𝐶𝑜) = 𝜇𝑒𝑓𝑓 −
𝜇𝑒𝑓𝑓(𝑁𝑑3+), 𝑤ℎ𝑒𝑟𝑒   𝜇𝑒𝑓𝑓(𝐶𝑜) = 𝑔√𝑆(𝑆 + 1)𝜇𝐵 𝑤𝑖𝑡ℎ 𝑔 = 2 , 𝜇𝑒𝑓𝑓(𝑁𝑑3+) =
𝑔√𝐽(𝐽 + 1)𝜇𝐵 𝑤ℎ𝑒𝑟𝑒 𝐽 = 𝐿 − 𝑆 =
9
2
𝑎𝑛𝑑 𝑔 = 0.72, 𝜇𝑒𝑓𝑓(𝑁𝑑3+) = 3.5𝜇𝐵 ) 
[136] and spin states of Co3+ and Co4+ are also estimated.  For parent compound, 
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the spin state of Co3+ is estimated to be a mixture of intermediate spin state (IS- 
t2g
4eg
1) and low spin state (LS- t2g
6eg
0) [IS(85%)+LS(15%)] and for Co4+, the 
spin state is estimated to be in low spin state (LS-t2g
5eg
0). For x = 0.8 compound, 
spin state of Co3+ is estimated to be a mixture of intermediate spin state (IS- 
t2g
5eg
1) and HS spin state (HS- t2g
4eg
2) [IS(60%)+HS(40%)] and for Co4+ spin 
state is estimated to be in low spin state (LS-t2g
5eg
0). The spin states for other 
compounds are listed in Table 4.2. 






µeff(exp) Co3+ Spin state Co4+ 
Spin 
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Table 4.2:  Curie temperature (TC), paramagnetic effective magnetic moment (µeff 






































































Figure 4.5:  (a) and (b) Resistivity of Nd0.8-xLaxSr0.2CoO3 (x = 0, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 0.8) under zero field. (c) Magnetic field effect on resistivity for selected 
samples (x = 0.4, 0.6 and 0.8). (d) Magnetoresistance for H = 5 T as a function of 
temperature for selected compositions. 
 
Figure 4.5(a) and (b) show the temperature dependence of resistivity () 
in zero field for all compositions. The resistivity value at room temperature 
decreases with increasing x and ρ(T) shows qualitative changes with x.  ρ(T) 
shows non-metallic behaviour (
𝑑𝜌
𝑑𝑇
< 0 ) both in the paramagnetic and 
ferromagnetic states for  x = 0, 0.1, and 0.2  with no visible anomaly at TC.  On 
the other hand, ρ(T) shows non-metal to  metal transition around TC for 0.3 ≤ x 
≤ 0.5, along with a tendency to increase below 100 K. The paramagnetic phase 
changes to metallic in 0.6 ≤ x ≤ 0.8. Figure 4.5(c) shows the effect of magnetic 
field on resistivity for selected compositions (x = 0.0, 0.2, 0.4, 0.6, 0.8) and the 
corresponding magnetoresistance [MR =  –[(ρ(H)-ρ(0))/ρ(0)] ] is shown in Fig. 
4.5(d). MR shows peak around TC and it increases from 1.5% for x = 0 to a 
maximum value of 9% for x = 0.8 compound.  
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         Figure 4.6:  Resistivity fitting for Nd0.8-xLaxSr0.2CoO3 (a) x = 0, 0.1, 0.3 and 
(b) x = 0.6, 0.8. 
 
When the electrical transport is dominated by hopping of charge carriers 
among the localized states of equivalent energy but separated in space, the 
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4, which describes the 
variable range hopping mechanism in three dimensions. While variable range 
hopping is commonly prominent at low temperature, electrical transport can 
take place through hoping to the nearest neighbour at high temperature and in 
this case, ρ can follow 𝜌 = 𝜌0𝑒𝑥𝑝 (
𝐸𝐴
𝑇
), which is the general form for thermally 
activated hopping. Here EA is activation energy. In Fig. 4.6(a), we show (T) 
for two compositions (x = 0.1 and x = 0.3) for clarity and also the fit at low and 
high temperatures. For x = 0.1 compound, ρ0 and T0 values calculated from 
fitting are 0.007 Ω cm and 80 K, respectively. The fitting parameters for other 
non-metallic samples are given in Table 4.3. In the metallic samples of x ≥ 0.5,  
resistivity in the ferromagnetic state can be fitted to ρ(T)= ρ0+ρ2T2+ρ4T4, where 
the temperature independent term ρ0 takes into account the scattering due to 
impurities, grain boundaries etc., T2 term is generally either attributed to 
electron-electron scattering or electron-magnon scattering [140] [153] and T4 
term is due to spin wave fluctuation  [142]. For T > TC, ρ(T) is linearly dependent 
on the temperature. Figure 4.6(b) shows zero field ρ(T) fitting for x = 0.7 and x 
= 0.8 compositions. For x = 0.8 compound, ρ0, ρ2 and ρ4 values calculated from 
fitting are 2.17×10-4 Ω cm, 5.9×10-9 Ω cmK2 and 1×10-14 Ω cm/K4 respectively. 








x ρ0(Ω cm) 
(VRH) 
0 (K) ρ0(Ω cm) 
(TAC) 
EA(meV) 
0 0.007 80 0.0037 13 
0.1 0.0068 75 0.0045 7.7 
0.2 0.0024 194 0.002 7.3 
0.3 0.0018 60 0.00158 6.9 
0.4 0.0013 38 0.00168 3.2 
 0.5 6 x10-4 34 7.4 x10-4 3.0 
 
Table 4.3: Coefficient of Resistivity fitting for all semiconductor samples. T0- 
Mott’s parameter temperature, EA- activation energy. 
 
x ρ0(Ω cm) ρ2 Ω 
cm 




ρ1  Ω cm 
0.6 4.18x10-4 7.98 x10-9        2 x10-14 7.0 x10-4 1.67 x10-4 
0.7 3.48 x10-4 7.5 x10-9       1.5 x10-
14 
6.45 x10-4 2.16 x10-4 
0.8 2.17 x10-4 5.9 x10-9        1 x10-14 3.85 x10-4 5.78 x10-4 
                          
Table 4.4:   Coefficients: ρ0-residual resistivity, ρ
2-prefactor for T2 term and ρ4 




















Figure 4.7(a) shows the thermopower (α) versus temperature graph for 
selected compositions. α(T) of x = 0 is  positive above room temperature (= 
+27 μV/K at 350K). As temperature decreases, α(T) increases in magnitude 
initially, then goes through a maximum (+40 μV/K) around Tmax = 170 K 
below which α decreases. α(T) stays positive down to the lowest 
temperature. The magnitude of α(T) at 350 K decreases continuously with 
increasing La3+ content (= 20, 16.3, 12.3 and 9 μV/K for x = 0.2, 0.5, 0.7 
and 0.8 respectively) and  remains positive for all compositions throughout 









































Figure 4.7:  (a) Thermopower of Nd0.8-xLaxSr0.2CoO3 (x = 0, 0.2, 0.5, 0.7, 0.8) as a 




 A broad maximum occurs in the temperature dependence of α in all the La3+ 
doped samples. The temperature Tmax corresponding to the maximum, shifts to 
higher temperature with increasing La3+ content. The magnitude of (max) are 
34, 29.3, 16, 13.7 μV/K and Tmax are  178, 187, 229 and 240 K for x= 0.2, 0.5, 
0.7 and 0.8, respectively. This broad maximum does not coincide with the 
magnetic phase transition.    
   In Fig. 4.7(b), we have plotted power factor (PF = α2/ρ) versus 
temperature. In the parent compound, PF increases with decreasing temperature 
and goes through a maxima around 180K. In the doped samples, PF at 350 K 
initially increases up to x = 0.5 and decreases with further increase in La3+ 
content. The PF for each sample initially increases with decreasing temperature 
and goes through a maximum value and then decreases to zero below 50 K. The 
maximum in PF occurs at T = 186, 215, 220 and 245 K for x= 0.2, 0.5, 0.7 and 
0.8 respectively. Largest value of PF is found in x = 0.5 compound with a 





Figure 4.8: (a) Effect of magnetic field on thermopower of Nd0.8-xLaxSr0.2CoO3 (x 
= 0.0, 0.5, and 0.8). (b) Magnetothermopower. 
 
Figure 4.8(a) shows the effect of magnetic field on the thermopower (α) 
for selected samples (x = 0, 0.5, 0.8). Open symbols represent α(T) in zero field 
and close symbols represent the data under μ0H = 5 T. The applied magnetic 
field has negligible effect on  in x = 0.2.  On the other hand, the applied 
magnetic field decreases the value of α(T, H) in x = 0.5 and 0.8 in a narrow 
temperature interval around TC, while α is remained unaffected by the magnetic 
field far below and above the TC. We plot the temperature dependence of the 
magnetothermopower (MTEP) in Fig. 4.8(b). MTEP shows a maximum value 
 115 
 
around the magnetic phase transition. The maximum MTEP is found 10% for x 













































Figure 4.9: Temperature dependence of α and fits to Nd0.8-xLaxSr0.2CoO3 (a) x = 
0.1, 0.2 (b) x = 0.6, 0.8. 
 
In low temperature region where the resistivity follows the Mott’s 3D 
variable range hopping mechanism, the thermopower (α) is proposed to follow 
[143] the equation 4.1 : 












  is the Mott parameter, ξ is the correlation length and the density 
of state was considered to vary slowly with energy. At high temperature above 










+ 𝛽]                                                         (4.2) 
where ES is the activation energy for thermal transport. In Fig. 4.9(a), we show 
the fits to thermopower for x = 0.1 and 0.2 composition. Black open symbol 
represents the raw data for x = 0.1 and 0.2 and, red and blue lines show VRH 
and TAC fittings, respectively. It appears that the maxima in α(T) is due to 
change in the nature of electrical conduction from VRH at low temperature to 
TAC at high temperatures. The activation energy obtained from the high 
temperature fits are ES = 5 meV and 4.9 meV for x = 0.1 and 0.2, respectively, 
which are comparable with the values obtained from the resistivity (EA = 7.2 
and 7.0 meV for x = 0.1 and 0.2).  
α(T)  in the ferromagnetic  metallic samples mimics ρ(T) behaviour and 
is fitted with similar kind of equation used for resistivity.  
                              𝛼 = 𝛼0 + 𝛼2𝑇
2 + 𝛼4𝑇
4                                            (4.3)                                                                                                                       
 The first term is α0 is a constant. The second term corresponds to either 
contribution of electron-electron scattering or electron-magnon scattering [141, 
145] in α(T) and the third term is related to spin wave fluctuation near TC [68, 
142, 146]. Fit of eq. 3 has been shown in Fig. 4.9(b). At high temperature in 
paramagnetic state, α(T) follows the equation given below:  




                                                 (4.4)                                                                                                   
The first term linear in T is due to diffusion of the carriers and 1/T term is due 
to phonon scattering. The maxima for x = 0.6 and 0.8 compositions in 






Table 4.5: Fitting parameters in the expression for the thermopower in Nd0.8-
xLaxSr0.2CoO3. 
 
mechanism (αdαT) and phonon scattering (αPα1/T) mechanism. All coefficients 
of the fitting are tabulated in Table 4.5. 
4.3.1.4 Correlation between magnetization (M), resistivity (ρ) and 
thermopower (α) 
 
To seek correlation between magnetization (M), thermopower (α) and 
resistivity (ρ), we plotted M, α and ρ versus temperature for x= 0.0, 0.2, 0.5, 0.8 
compositions in Fig. 4.10. For x = 0.0, ρ increases continuously without showing 
any slope change near TC, while α shows a broad maximum around 175 K with 
magnitude of 40 μV/K. The maximum does not coincide with magnetic 
transition. The origin of the maximum in α(T) is attributed to change in the 
electrical conduction mechanism from TAC at high temperature to VRH at low 
temperature. For x = 0.2, similar kind of nature is observed although maxima in 
α shifts to higher temperature (178 K).  For x= 0.5, ρ shows slope change near 







  ES α-1'’(V) 
0.0 -8.0 4    6.9meV                             
0.1 -12 4.1    5.0meV                               
0.2 -3.2 3.22    4.9meV                               
0.3 -7.6 3.2    4.7meV                              
0.4 -9.9 2.7    3.4meV  
0.5 -3.8       2.1meV                           
0.6 2.0  3x10-4 -2.1 x10-4 0.005  4181 
0.7 1  3 x10-4 -2.8 x10-4 0.001  3147 
0.8 0.01  2.8 x10-4 -5 x10-4 -0.001  3678 
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For x = 0.8, ρ and α both show slope change near TC, while α still show broad 
maximum (240 K) far above the TC.  
 
Figure 4.10: Temperature dependent Magnetization (M), Thermopower (α) and 























































































































































































4.4.1 Results and discussion 
 
4.4.1.1 Structural characterization 
 
Figure 4.11 shows XRD pattern of Nd0.7-xLaxSr0.3CoO3 compounds (x = 0, 0.1, 
0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, and 0.7) compounds at room temperature. All 
samples were found to be in single phase.   As like in the Nd0.8-xLaxSr02CoO3 
series, the crystallographic structure changes with increasing La3+ content from 
orthorhombic (space group, Pnma) for x = 0-0.2 to  hexagonal (𝑅3̅𝐶) for x =0.3-
0.7. The prominent peaks in the XRD pattern are indexed by its crystallographic 
planes and represented by miller indices (hkl). Figure 4.12 shows Rietveld 
analysis of x = 0.4 composition. 



















































Figure 4.11:  X-ray diffraction patterns of Nd0.7-xLaxSr0.3CoO3 (x = 0, 0.1, 0.2, 0.3, 











                Figure 4.12:  XRD data and Rietveld refinement for x = 0.4. 
 
   
Sample a(A0) b(A0) c(A0) Vol.(A0)3 Structure 
     0.0      5.3681         7.6031      5.3663     219.0212          Pnma 
    0.1     5.367       7.597     5.389    219.7262          Pnma 
    0.2      5.369       7.595     5.398    220.117         Pnma 
    0.3     5.429     13.118   334.461 𝐑?̅?𝐜 
  0.35     5.427     13.129   334.867 𝐑?̅?𝐜 
   0.4     5.430     13.139    335.55 𝐑?̅?𝐜 
   0.5     5.429     13.155    335.87 𝐑?̅?𝐜 
  0.6     5.433     13.181    336.95 𝐑?̅?𝐜 
  0.7     5.442     13.216  338.974 𝐑?̅?𝐜 
 
 Table 4.6:  Lattice parameters and volume for Nd0.7-xLaxSr0.3CoO3 calculated 

































4.4.1.2 DC magnetization 
 
Figure 4.13 shows M(T) for all samples while cooling and warming 
under a magnetic field of μ0H = 0.1 T. Ferromagnetic Curie temperature (TC) is 
determined from the inflection point of dM/dT curve. With increasing La3+ 
content, TC increases (TC = 175, 190, 205, 209, 213, 219, 224 and 230 K for x = 
0.1, 0.2, 0.3, 0.35, 0.4, 0.5, 0.6 and 0.7 respectively). The value of M5T also 
enhances at 10 K. Two features are worthy to note: (1) M(T) of x = 0.35 and 0.4 
samples show hysteresis between cooling and warming cycles which was not 
observed in other compositions. The hysteresis occurs within the ferromagnetic 
state and it manifests as a downward step while cooling and upward step while 
warming. In x = 0.35 compound, hysteresis occurs between 190 K and 100 K. 
The window of hysteresis shifts to T = 50-180 K in x = 0.4 sample whose TC is 
higher (TC = 209 K) and the hysteresis completely vanishes for x = 0.5, (2) M 










































Figure 4.13:  Field cool magnetization (M-T) curve of Nd0.7-xLaxSr0.3CoO3(x = 0.0, 
0.1, 0.2, 0.3, 0.35, 0.4, 0.5, 0.6, 0.7) as function of temperature. Hysteresis occurs 
in M(T) between cooling and warming for x = 0.35 and 0.4 .  Inset: Dependence of 
ferromagnetic Curie temperature (TC) and low temperature maximum T* on La3+ 




decreases within the long range ordered state below T* in all compositions 
except for x = 0.7 sample. While TC increases continuously with x, T* initially 
increases with x, reaches a maximum value for x = 0.4 and then shifts down. 
Inset of Fig. 4.13 shows plot TC and T* as function of x on left and right scales, 
respectively. 
 
















































Figure 4.14: M-H curve at 10 K for Nd0.7-xLaxSr0.3CoO3 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7). Inset: Coercivity and M5T as function of x. 
 
Figure 4.14 shows M(H) isotherms at 10 K for all compositions. The 
parent sample (x = 0.0) shows a large hysteresis with a coercive field of 0HC = 
0.7 T at 10 K. Above the coercive field, M increases linearly without saturation 
up to the maximum field of μ0H = 5 T. Non-saturation behaviour of M (H) has 
also been seen in La3+ doped compounds for x ≤ 0.4.  La3+ doping decreases the 
coercivity and enhances the magnetization value. The value of M5T increases 
with x and M shows a tendency to saturate for x ≥ 0.5.  M5T value obtained from 
the highest field of M(H) curve increases  from 0.98 B/f.u. for x = 0.0 to 1.66 
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B/f.u. for  x= 0.7 close to reported in literature [154] [155]. Coercive field (HC) 
decreases dramatically with increasing x (0HC = 0.04 T for x = 0.7 compare to 
0 HC = 0.7 T for x = 0.0). For x = 0.0, saturation magnetization is 0.98 µB, 
which is the sum of Co moment and Nd moment [μ(Co)+0.7μ(Nd)],  After 
deducting Nd moment (0.7μB) from the total moment, we find (Co) = 0.3 μB 
which suggests that the presence of LS/LS spin states for Co3+/ Co4+ . For the 
La3+ only compound (x = 0.7), the observed MS = 1.67 B, which can be 
understood as the combination of IS/LS spin states of Co3+/Co4+ ions.   We have 
shown the variation of μ0HC and MS with doping inset of Fig. 4.14. 
 

























Figure 4.15:  Inverse susceptibility (χ-1) of Nd0.7-xLaxSr0.3CoO3 (x = 0.0, 0.1, 0.2, 0.3, 
0.5, 0.7). 
Figure 4.15 shows the inverse susceptibility (χ-1) for selected 
compositions for clarity. χ-1 is proportional to T in the he paramagnetic state 
much above TC. Paramagnetic curie constant (C) and Curie temperature (𝜣) 
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were calculated using Curie Weiss fit (𝜒−1 =
𝑇−𝛩
𝐶
 ) to the high temperature 
linear part.  The effective moment was calculated using the relation 𝜇𝑒𝑓𝑓 = √8𝐶 
after removing rare earth Nd3+ ion (μeff  = 3.5 μB) contribution from total 
effective moment ( 𝜇𝑒𝑓𝑓(𝐶𝑜) = 𝜇𝑒𝑓𝑓 − 𝜇𝑒𝑓𝑓(𝑁𝑑3+), 𝜇𝑒𝑓𝑓(𝐶𝑜) =
𝑔√𝑆(𝑆 + 1)𝜇𝐵 𝑤𝑖𝑡ℎ 𝑔 = 2 , 𝜇𝑒𝑓𝑓(𝑁𝑑3+) =  𝑔√𝐽(𝐽 + 1)𝜇𝐵 𝑤ℎ𝑒𝑟𝑒 𝐽 = 𝐿 − 𝑆 =
9
2
𝑎𝑛𝑑 𝑔 = 0.72, 𝜇𝑒𝑓𝑓(𝑁𝑑3+) = 3.5𝜇𝐵) [136] and spin states of Co
3+ and Co4+ are 
also estimated. For the parent compound, spin state of Co3+ is estimated to be a 
mixture of intermediate spin state (IS- t2g
5eg
1) and high spin state (HS- t2g
4eg
2) 
[IS(83%)+HS(1%)], for Co4+ spin state is estimated to be in low spin (LS-
t2g
5eg
0) state while for x = 0.7 compound, spin states of Co3+ is estimated tp be 
as mixture of intermediate spin state (IS- t2g
5eg
1) and HS spin state (HS- t2g
4eg
2) 
[IS(15%)+HS(85%)] and for Co4+ spin state is estimated to be in low spin state 
(LS-t2g
5eg
0)  Spin states of Co ions with La3+ doping are tabulated in Table 4.7.  
Sampl
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Co3+ Spin state Co4+ Spin 
state 
























   0.2 190 62.7 0.0085 191.46  
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Table 4.7: Curie temperature (TC), paramagnetic effective magnetic moment (µeff) 















































Figure 4.16: (a) Field cool M-T curve of Nd0.35La0.35Sr0.3CoO3 at different field (b) 
Nd0.3La0.4Sr0.3CoO3 
 
As we have observed hysteresis in M(T) for x = 0.35 and 0.4 under μ0H 
=  0.1 T, we have studied the effect of varying external magnetic field on the 
hysteresis for both compositions. Figure 4.16(a) shows M(T) of x = 0.35 in 
different magnetic fields. M(T) shows  hysteresis between T = 100-190 K when 
μ0H = 0.1 T and the temperature range of hysteresis shifts to T = 100-175 K 
when μ0H = 1 T. Hysteresis is very weak under oH = 2 T  and completely 
vanishes for oH ≥  3 T. Figure 4.16(b) shows M(T) of x = 0.4 compound under 
different magnetic fields. When μ0H = 0.01 T, the hysteresis is observed in a 
wide temperature range (T = 100 K to 200 K). With increasing field strength to 
μ0H = 0.1 T, the hysteresis starts from lower temperature (50-190 K). For μ0H 
=1.0 T field, lower temperature position of hysteresis does not change but 
higher position shifts to lower temperature i.e.  Hysteresis squeezes to smaller 
temperature range (from 50 K to 170 K). With increasing field strength, 
hysteresis continuously squeezes and at 5T, hysteresis is observed only in a 
narrow temperature range (50-100 K), but does not diminish at all.  
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Figure 4.17: Coercivity (μ0HC) and M5T as function of temperature for (a) x = 0.35, 
(b) x = 0.4. Inset: M-H at selected temperatures. 
 
Figure 4.17(a) shows coercivity (μ0HC) and M5T as a function of 
temperature for x = 0.4. At 10 K, μ0HC was found 0.5 T which decreases 
drastically as temperature increases and reaches 0.23 T at 30 K followed by 
gradual decrement with temperature and reaches 0.025 T at 150 K. On the other 
hand M5T increases with increasing temperature and shows peak at 75 K, then 
decreases as temperature increases. The peak in M5T is due to ferrimagnetic 
coupling between Nd(4f) and Co (3d) moment. Inset shows M(H) isotherms  at 
two temperatures. We can clearly see that M5T at 60 K is higher than at 10 K 
and coercivity also decreases.  Similar trend in coercivity and in M5T is also 
observed for x = 0.35 composition as shown in Fig. 4.17(b). Coercivity 
decreases with increasing temperature (μ0HC = 0.299 T at 10 K to 0.004 T at 
200 K) and M5T goes through a maxima and then decreases with temperature. 
Inset M-H shows that M5T value is higher at 100 K compared to that at 10 K and 
coercivity also shows large change.  
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4.4.1.3 Neutron diffraction study of Nd0.35La0.35Sr0.3CoO3 
 
To understand the origin of hysteresis for x = 0.35 composition, Neutron 
diffraction (ND) measurement has been performed as function of temperature. 
The experiment is performed using Powder diffractometer (PD-3 / FCD at 
Dhruva Reactor, BARC, India) and Closed Cycle refrigerator was used for 
varying temperatures while measuring ND patterns. The wavelength of neutron 
radiation was 1.48A°. Figure 4.18 shows the neutron diffraction patterns at 
different temperatures.  
  








Figure 4.19: Fitting of neutron diffraction data by using Le-Bail fitting at T= 2.8 
K. 
 
Neutron diffraction data was refined using Le-Bail fit and is shown in 
Fig. 4.19 for T = 2.8 K for clarity. Proper fits were obtained for hexagonal 
structure, with space group 𝑅3̅𝑐 throughout the temperature range. Although 
there was no change in structure throughout the temperature range but, the large 
change in the intensity of peaks and in lattice parameter (c) is observed between 
100-200 K as shown in Fig. 4.20(a) and (b) respectively. Neutron diffraction 
study concludes that hysteresis in magnetization data occurs due to large change 









Figure 4.20: (a) Variation of intensity peak as a function of temperature (b) 






Figure 4.21(a) shows the temperature dependence of the resistivity (ρ) 
of Nd0.7-xLaxSr0.3CoO3 (x = 0.0, 0.1, 0.2, 0.3, 0.35, 0.4, 0.5, and 0.7) under 0 T and 
μ0H = 5 T magnetic fields. The magnitude of the resistivity at 300 K increases 
with increasing La3+ content. All the samples show metallic behavior under zero 
field throughout the temperature range and the onset of ferromagnetic ordering 
causes a slope change at TC. Below TC, (T) decreases at a rate faster than linear 
dependence. The applied magnetic field decreases the magnitude of the 
resistivity in a narrow temperature range around TC for most of the samples. We 
plot the magnetoresistance (MR) for selected compositions in Fig. 4.21(b). MR 
shows peak around TC in each sample and the magnitude of MR increases from 
3.3 % for x = 0.0 to maximum value of 6.2 % for x = 0.7.     
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Figure 4.21: (a) Resistivity vs. temperature curve of Nd0.7-xLaxSr0.3CoO3 (x = 0.0, 






































Figure 4.22: Resistivity fitting of Nd0.7-xLaxSr0.3CoO3 (x = 0.2, 0.4, and 0.7). 
 
Fig. 4.22 shows resistivity fitting in ferromagnetic and paramagnetic 
region for selected compounds. In ferromagnetic region resistivity follows 
equation as given below: 
                                                      𝜌 = 𝜌0 + 𝜌2𝑇
2 + 𝜌4𝑇
4                         (4.5)         
where ρ0 is a constant and has contribution from impurity and grain boundaries. 
The T2 term is either related to electron-electron or electron-magnon scattering 
in ferromagnetic metallic system [141] [140] and the T4 term is due to spin wave 
fluctuations [142]. At high temperature in paramagnetic state, all samples show 
general metal like behaviour. Resistivity increase linearly with temperature and 
resistivity is fitted with Eq. 4.6 given below.     
                                                     𝜌 = 𝜌0 + 𝜌1𝑇                                        (4.6)        
Figure 4.22 shows resistivity (ρ) fitting of selected compositions (x = 
0.2, 0.4, and 0.5) for clarity. Fitting parameter ρ0, ρ2 and ρ4 for x = 0.4 
compounds are 3.9×10-4 Ω cm, 1.57×10-8 Ω cm K-2 and 5x10-14 Ω cm K-4 
respectively. These values are of the same order as reported for La1-xSrxCoO3 
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by Mandal et al., [142]. Parameters obtained for other compositions are 
tabulated in Table 4.8 given below.                     
            




        ρ0 (Ω 
cm) 
ρ1 Ω cm 
0.0 0.00225 4.0 x10-8       3.35x10-
15 
0.0034 2.2 x10-6 
0.1 0.00196 2.1x10-8      8.0x10-14 0.00242 2.03 x10-6 
0.2 0.00136 1.35 x10-8      5.2x10-14 0.00164 2.17 x10-6 
0.3 0.00108 1.21 x10-8       1x10-14 0.00122 3.03x10-6 
0.4 3.9 x10-15 1.57 x10-8      5x10-14 6.1 x10-4 3.0 x10-6 
0.5 2.8 x10-15 1.2 x10-8      6x10-14 4.38 x10-4 2.44 x10-6 
0.6 2.5 x10-15 8.0 x10-9      3x10-14 1.35 x10-4 1.5 x10-6 
0.7 2.2 x10-15 5.7 x10-9      1x10-14 2.24 x10-4 1.52 x10-6 
 
Table 4.8:   Coefficients: ρ0-residual resistivity, ρ2-prefactor for T
2 term and ρ4, 






Figure 4.23(a) shows thermopower (α) as a function of temperature for Nd0.7-
xLaxSr0.3CoO3 (x = 0.0, 0.1, 0.3, 0.35, 0.4, 0.5, and 0.7) for clarity. (T) is 
positive throughout temperature range for the parent compound (x = 0.0). α(T) 
increases as T decreases from 350 K, goes through a maximum value (αmax) 
around 190 K, and then decreases with decreasing temperature. Note that αmax 
occurs at a temperature higher than TC. As the La
3+ content increases, the 
magnitude of α(T) at 350 K decreases. As TC is approached from the 
paramagnetic side, α(T) increases with decreasing temperature for x ≤ 0.1, but 
deceases gradually with decreasing temperature for x  ≥ 0.4. The behaviour of x 
= 0.35 is intermediate between 0.3 and 0.4.  α(T) shows a change in slope at TC 
in x > 0.1 and decreases rapidly in the ferromagnetic state.  While α is positive 
 
Figure 4.23: (a) Thermopower vs. temperature of Nd0.7-xLaxSr0.3CoO3 (x=0.0, 0.1, 
0.3, 0.35, 0.4, 0.5, 0.7) (b) Magnetic field effect on the thermopower for selected 
compositions. (c) Magnetothermopower (-∆α = α(H = 5 T)-α(H = 0 T) ) as a 
function of temperature for x = 0, 0.35 and 0.7. 
 







































































down to 10 K for x = 0 and 0.1, the sign changes to negative and shows a 
minimum around 40 K for x = 0.3 and  decreases towards zero as T decreases 
to 10 K.  The change in sign occurs at higher temperature and the low 
temperature minimum also shifts up to higher temperature with increasing x at 
least for x up to 0.5 The sign change is obviously not correlated with TC . Figure 
4.23(b) shows α(T, H) in zero field (closed symbols) and under μ0H = 5 T (open 
symbols) magnetic field for selected compositions (x = 0.0, 0.35, 0.7). It can be 
seen that the α decreases in magnitude in the presence of magnetic field and the 
effect is mostly confined to a narrow temperature window around the magnetic 
phase transition, i.e., around TC.  α(T, H) decreases 11% by application of μ0H 
= 5 T magnetic field for parent compound. It enhances with La3+ doping and 
reaches  25 % for x = 0.35 under μ0H = 5 T. Interestingly for x = 0.7, α(T, H) 
shows sign change with application of magnetic field near TC. At TC, α(T, H) 
decreases by 68 % with application of μ0H = 5 T field. Figure 4.23(c) shows 
magneto thermopower ∆α=-[α(T, H)-α(T, 0)] with temperature for all three 
compositions. ∆α increases from 1.2μV/K for x = 0 to 1.7 V/K for x = 0.35 





































                                                
 Figure 4.24: Thermopower vs temperature and fits for Nd0.7-
xLaxSr0.3CoO3 (x = 0.1, 0.3, 0.5, 0.7).  
 
In ferromagnetic metallic samples α(T) mimics the ρ(T) behaviour and 
fitted with similar kind of equation used for resistivity.  
                                𝛼 = 𝛼0 + 𝛼2𝑇
2 + 𝛼4𝑇
4                              (4.7)                                    
The first term is a temperature independent constant. The second term reflects 
the contribution of electron-electron scattering[145] on α(T) and  the fourth term 
is related to spin wave fluctuation near TC [68, 142, 146]. The α(T) is shown in 
Fig. 4.24. The fit is good down to 100 K. Below 100 K, α(T) goes through a 
broad minimum  and then starts to decrease towards zero value. At low 
temperature (T < 100 K), ρ(T) fits well with T2 term therefore we fitted α(T) 
also with T2 term and equation is given below: 




′ 𝑇3                          (4.8) 
where the first term is related to diffusion and the second term is related to either 
electron-electron or electron-magnon scattering. The third term is due to photon 
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drag contribution.  .  Fittings of α(T) using Eq. 4.7 and 4.8 fitting have been 
shown in Fig. 4.24.  At high temperature in paramagnetic state, α(T) follows the 
equation given below:  




                                 (4.9) 
The first term (T)and the second term (1/T) are related to diffusion of carrier 
and phonon scattering respectively. The maxima for x = 0.0, 0.1 and 0.3 
compounds in paramagnetic state is attributed to competition between diffusion 
term and phonon scattering term. All coefficients of fitting have been tabulated  
in Table 4.9. 
 































  4.9 2500           
0.1    1 4.5x10-6 -4.0x10-
7 
6 2000 
0.3    -2 1.9x10-6 1.0x10-7 3 2200 
0.3
5 
-0.11 0.001 -1.94E-6 -2.5 1.4x10-4 1.0x10-9     5x10-6 1890 
0.4 -0.14 0.0012 -
2.16x10-
6 
-4.5 1.2x10-4 2x10-9     5x10-6  
0.5 -0.16 0.0013 -2.1x10-6 -5.5 1x10-4 2.0x10-9       8.1x10-
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4.5 Nd0.5-xLaxSr0.5CoO3  
 
4.5.1 Results and discussion 
 
4.5.1.1 DC magnetization and resistivity 
 
M(T) of Nd0.5-xLaxSr0.5CoO3 (x = 0, 0.1, 0.2, 0.4 and 0.5) is shown in 
Fig. 4.25 and it suggests that increase of TC with increasing La
3+ content is in 
agreement with  previous results.  The low temperature maximum at T* 
increases from 79 K for x = 0.0 to 95 K for x = 0.2 and then decreases to 63 K 
for x = 0.4. The T* is not detectable down to the lowest temperature in x = 0.5. 
These results are similar to Nd0.7-xLaxSr0.3CoO3.  However, we have not found 
hysteretic in M(T) for any of the compositions in this series. 
 
  
Figure 4.25:  Field cooled magnetization curve (M-T) of Nd0.5-xLaxSr0.5CoO3 (x = 












































 Figure 4.26: (a) Resistivity (ρ) as a function of temperature under zero field and 
under field (μ0H = 5 T) of Nd0.5-xLaxSr0.5CoO3 (x = 0, 0.1, 0.2, 0.4 and 0.5) as a 
function of temperature. (b) Magnetoresistance (MR) as a function of doping. 
 
Figure 4.26(a) shows zero field and field dependent resistivity (ρ) of 
Nd0.5-xLaxSr0.5CoO3 (x = 0.0, 0.2, 0.4, 0.5) as a function of temperature. All 
samples show metallic behavior throughout the temperature region. Slope 
change in resistivity was observed near TC. Furthermore, strong effect of field 
was observed near TC. Resistivity decreases with La
3+ doping. Fig. 4.26(b) 
shows MR for all compositions. With La3+ doping, MR increases and reaches 













Figure 4.27 shows thermopower (α) as a function of temperature for Nd0.5-
xLaxSr0.5CoO3 (x = 0, 0.2, 0.4 and 0.5) under zero field and  μ0H = 5 T field (for 
x = 0.0 and 0.5) from 350 K to down to 10 K. For parent compound at 350 K, 
α(T) shows positive value with magnitude of +4.7μV/K and decreases linearly 
as temperature decreases. Around TC, α(T) shows slope change and below TC, it 
decreases nonlinearly followed by a sign change around 210 K. After changing 
the sign, α(T) goes through a broad maxima around 100 K with magnitude of -
10.1 μV/K followed by a continues decrement towards zero value. At 350 K for 
x ≥ 0.2, α(T) shows negative value and magnitude changes from -0.4 μV/K for 
x = 0.2 to -2.3 μV/K for x = 0.5. α(T) stays negative throughout the temperature 
range followed by a slope change near TC for all compositions.  
 
Figure 4.27: Thermopower of Nd0.5-xLaxSr0.5CoO3 (x = 0, 0.2, 0.4 and 0.5) under 
zero field (close symbol) and under μ0H = 5 T (open symbol). 

























Broad maxima at lower temperature is observed around 120 K with magnitude 
of -6.0 μV/K, -7.3 μV/K and -11.7 μV/K for x = 0.2, 0.4 and 0.5 respectively.  
Effect of field on α(T, H) is studied for x = 0.0 and 0.5 composition. For 
x = 0.0, α(T, H) shows appreciable field effect near TC and sign change occurs 
with application of μ0H = 5 T field. Interestingly for x = 0.5 compound, α(T, H) 





Our results show that the ferromagnetic Curie temperature increases 
with La3+ content. This is a consequence of the increase in eg band width. 
Similar trend is well known in manganite’s [44]. The ionic radius of 
trivalent La3+ ion (rLa = 1.216A°) is larger than that of  Nd
3+ (rNd = 
1.163A°). Hence, the tolerance factor, defined as =
𝑟𝐴+𝑟𝐵
√2 (𝑟𝐵+𝑟𝑂)
 , where rA 
is the average ionic radius of rare earth ion and rB is average ionic radius 
of Co ion. With increasing tolerance factor, Co-O-Co bond angle also 
increases towards 180° which enhances the overlap of Co(eg)-O(2p) 
orbitals and hence widens the eg-bandwidth. We noted that T* initially 
increases with La content up to a certain value and then decreases in all 
three series investigated. The increase in T* with increase in La3+ 
content clearly indicates that the exchange field acting on the Nd3+4f 
spin increases which make 4f moment to orient antiparallel to Co-3d 
moment at a higher temperature. However, too much of dilution of the 
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Nd sublattice weakens the 4f-3d ferrimagnetic interaction and hence T* 
decreases after certain content of La3+ ions.  The ferrimagnetic 
interaction is absent in the end compounds with La3+ rare earth ions only 
because La3+ does not have an unpaired 4f electron.    
Metal insulator transition (MIT) occurs due to enhancement in 
bandwidth with La3+ doping. With increasing bandwidth, charge can 
hop easily and give rise to MIT near TC. MR in ferromagnetic metallic 
system is attributed to the spin disorder scattering near TC.  Spin disorder 
scattering suppressed under μ0H = 5 T magnetic field [14, 155, 156].  
With La3+ doping, spin disorder scattering reduces near TC due 
enhancement of bond angle between Co-O-Co and causes MR 
enhancement at TC with same strength of field. The increase in 
bandwidth decreases the value of resistivity. Since the carriers become 
itinerant the absolute value of thermopower also decreases. 
Thermopower shows a clear change of slope at TC for the metallic 
compositions which suggests that the decrease in spin fluctuation has influence 
on thermopower. Surprisingly, a large magneto thermopower is observed near 
TC. The sign change is observed in thermopower and could be either due to 
change in band structure or change in carrier dominance (from hole to electron) 
as temperature decreases. 
4.7 Summary 
 
The important results of this chapter are summarized below. 
 
1. In all the three series investigated in Nd1-x-yLaxSryCoO3,   ferromagnetic 
Curie temperature (TC) increases with increasing La
3+ content. The 
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anomaly at T* initially increases with La3+ content and after a specific 
doping level, it decreases and eventually vanishes in the La3+ only 
compounds. The increase in TC at a fixed carrier density is the 
consequence of the increase in eg-bandwidth. Coercivity of the samples 
also decreases with increasing La3+ content due to decrease in magnetic 
anisotropy. 
  
2. It is found that M(T) of two compositions (x = 0.35 and 0.4) in Nd0.7-
xLaxSr0.3CoO3 shows hysteresis behavior below the ferromagnetic 
transition. A preliminary neutron diffraction study done on x = 0.35 
samples suggests changes in structural parameter in the hysteresis 
region. No change in symmetry has been detected.  
3. Electrical transport shows strong effect of La3+ doping. For Nd0.8-
xLaxSr0.2CoO3, parent compound shows semiconductor behaviour and 
metal-insulator transition occurs with La3+ doping (0.3 ≥ x ≥ 0.5) and for 
x ≥ 0.6, system stays in metallic state throughout temperature range. For 
Nd0.7-xLaxSr0.3CoO3, and Nd0.5-xLaxSr0.5CoO3, ρ(T) shows metallic 
behaviour throughout the temperature range for all compositions. ρ(T) 
magnitude decreases with La3+ doping.  
4. Magnetoresistance enhances with La3+ doping. For Nd0.8-xLaxSr0.2CoO3, 
parent compound shows 1.5% MR which increases to 9 % for x = 0.8 
composition. For Nd0.7-xLaxSr0.3CoO3, MR changes from 3.0 % (x = 0.0) 
to 6.2 % (x = 0.7).  For Nd0.5-xLaxSr0.5CoO3, MR does not changes much 
and increases from 4.6 % to 6.1 % with La3+ doping. 
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5. Magnitude of thermopower (α) decreases with La3+ doping in Nd0.8-
xLaxSr0.2CoO3 series. Maxima in α(T) for parent compound attributed to 
change in electrical conduction. Maxima shifted to higher temperature 
with La3+ doping. All compositions show positive value of α(T) 
throughout temperature range. For Nd0.7-xLaxSr0.3CoO3, α(T) stays 
positive throughout the temperature range for (0.0 ≤ x ≤ 0.2) and sign 
change occurs for x ≥ 0.3 with temperature. For Nd0.5-xLaxSr0.5CoO3, 
parent compound shows positive value of α(T) and sign change occurs 
with temperature. For x ≥ 0.2, α(T) stays negative throughout 
temperature region.  
6. Effect of magnetic field on α(T) is studied for specific samples. In Nd0.8-
xLaxSr0.2CoO3 series, α(T, H) for parent compound does not have any 
magnetic field effect while for x = 0.8 compound, 25% magneto 
thermopower was found under μ0H = 5 T near TC. For Nd0.7-
xLaxSr0.3CoO3, α(T, H) for parent compound shows 11% change und 
reaches 68 % for x = 0.7 at TC under μ0H =5 T field.  Interestingly, for x 
= 0.7 compound, α(T, H) shows sign change with application of field 
near TC. In Nd0.5-xLaxSr0.5CoO3 series, α(T, H) shows appreciable 
magnetic field effect near TC and sign change occurs for parent 
compound. Interestingly for x = 0.5, α (T, H) enhances with field and 







Chapter 5. Physical properties of R0.5Sr0.5CoO3 (R = 
La, Pr, Nd, Sm, Eu, Gd) and Nd0.5-xPrxSr0.5CoO3 
                                                                      
5.1 Introduction: 
 
In the last chapter, we have studied the effect of A site doping with non-
magnetic La3+ ion on magnetic, electrical and thermal properties in Nd1-
xSrxCoO3 (x = 0.2, 0.3, 0.5) series. In this chapter, we investigate the effect of 
different rare earth ions on electrical, magnetic and thermoelectric properties in 
R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, Eu, Gd) series. In manganites, magnetic and 
electronic ground states change dramatically with reducing size of the rare earth 
ion. For example, La0.5Sr0.5MnO3 is a ferromagnetic metal with TC  = 360 K 
[130], Pr0.5Sr0.5MnO3 orders ferromagnetically at high temperature (TC = 270 K) 
but transforms into a layered A-type antiferromagnetic insulator  below TN = 
140 K [157]. Nd0.5Sr0.5MnO3 changes from a ferromagnetic metal (TC = 250 K) 
to a CE type antiferromagnetic insulator accompanied by charge-orbital 
ordering below TCO  = 125K [158].  However, R0.5Sr0.5CoO3 apparently remain 
ferromagnetic and metallic for different R-ions (R = La, Pr, Nd, Sm, Eu) [159] 
[160].  It suggests that antiferromagnetic interaction occurred between Co ions 
of same valence are weaker than the interaction between Mn ions of same 
valence.  On the other hand, peculiar magnetic behaviours were found in some 
of the rare earth cobaltites. Pr0.5Sr0.5CoO3 shows ferromagnetic transition 
around 230 K [134] but at around 120 K < TC,  magnetization shows a step like 
decrease at low fields (H < 0.1 T) that changes to step like increase at higher 
field strength [54, 134]. Nd0.5Sr0.5CoO3 shows ferromagnetic transition around 
220 K [121], but magnetization decreases below 70 K instead of showing a 
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gradual increase expected from Brillion function for a single sublattice [56]. 
Gd0.5Sr0.5CoO3 shows a rapid increase of magnetization much below than TC 
[161].  
 Although magnetoresistance has been extensively studied in 
La0.5Sr0.5CoO3, studies in other rare earth oxides are scarce.  Thermopower in 
zero or non-zero magnetic fields has not been reported so far for different rare 
earth ions. Magnetocalaoric effect(MCE) in cobaltites is scarcely investigated 
compared vast number of papers available on manganites [112]. Existing MCE 
reports are also mostly confined to La1-xSrxCoO3 series [162]. 
 In this chapter, we investigate magnetoresistance (MR), magneto 
thermopower (MTEP) and magnetocaloric effect (MCE) in R0.5Sr0.5CoO3 (R = 
La, Pr, Sm. Nd, Eu, Gd) series.   
 
5.2 Experimental details and characterization: 
 
 Samples were prepared by using solid state reaction method. Oxide and 
carbonates were used as precursors for the sample preparation. Rare earth oxide 
precursors were pre-heated at 900 °C for 6 hours to remove impurities. All 
precursors were mixed in molar fraction and grinded for 30 minutes to mix them 
properly. After that samples were calcinated at 1000 °C for 12 hours. 
Subsequently, grinding and sintering were done at 1200 °C for 12 hours. 
Finally, powder was pressed in pallet form and sintered at 1200 °C for 24 hours. 
X-ray analysis was performed for all samples. All samples were found in single 
phase. Magnetic measurement was done using VSM module in PPMS provided 
by Quantum Design. Simultaneous measurement of resistivity (ρ) and 
 145 
 
thermopower (α) was done in PPMS using homemade set up designed on 
commercial puck provided by Quantum Design for PPMS from 350 K to down 
to 10 K. Temperature gradient was created across the sample by using small 
chip heater and measured by using Chromel-Constantan thermocouple in 
differential mode. Field was applied perpendicular to temperature gradient 
during MR and on magneto thermopower. MCE is calculated by taking isotherm 






 was used 
to determine the ∆Sm value. 
 
5.3 Results and discussions 
 
5.3.1 Structural characterization 
Figure 5.1 shows the XRD patterns of R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, Eu 
and Gd) compounds at room temperature which indicates that all the samples 














































































































           
               
Figure 5.1: X-ray diffraction and Rietveld analysis of R0.5SR0.5COO3 (R = La, Pr, 
Nd, Sm, Eu, Gd). 
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are in a single phase. Rietveld analysis of structural data indicates that La based 
compound shows rhombohydral structure with 𝑅3̅𝐶 space group. For Pr, Nd 
and Sm based compounds, structural analysis confirms orthorhombic phase. For 
Gd and Eu based compounds, Rietveld analysis predicts cubic structure.  
Sample a(A0) b(A0) c(A0)   Vol.(A0)3 Structure 
  La0.5Sr0.5CoO3   5.444 - 13.2524    340.133 𝑹?̅?𝒄 
  Pr0.5Sr0.5CoO3 
5.3821 7.6078 
        
5.4211 
   221.96       Imma 
 Nd0.5Sr0.5CoO3 5.3772 7.5881 5.4174     221.08       Pnma 
 Sm0.5Sr0.5CoO3 5.3536   7.5738 5.4067   219.2295       Pnma 
 Eu0.5Sr0.5CoO3 3.7957 -           -      54.685 Pm-3m 
 Gd0.5Sr0.5CoO3 3.7888 -           -      54.388 Pm-3m 
 
Table 5.1: Sturctural parameter and volume of unit cell of R0.5Sr0.5CoO3 (R= La, 
Pr, Nd, Sm, Eu, Gd). 
 
5.3.2 DC magnetization and resistivity: 
 
Figure 5.2 shows magnetization (M) of R0.5Sr0.5CoO3 (R=La, Pr, Nd, Sm, Eu, 
Gd) as a function of temperature (T = 400-10 K) while cooling in the 
 
Figure 5.2:  Field cool magnetization (M) of R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, 
Eu, Gd) as a function of temperature measured under 0H = 0.1 T. Inset: TC as a 
function of rA. 







































presence of 10 mT magnetic field. The sharp increase of M around T = 252 K 
for R = La sample indicates the onset of ferromagnetic transition.  We identify 
the inflection point of dM/dT curve as the ferromagnetic Curie temperature (TC). 
TC shifts down with decreasing size of the rare earth ions (TC = 252, 240, 227, 
183.7, 157.8 and 125.6 for La, Pr, Nd, Sm, Eu and Gd respectively) and the 
dependence of Tc on the rare earth radius is shown in the inset of Fig. 5.2. 
Special features are observed for some of the rare earth ions much below the 
ferromagnetic transition. M(T) of  R = Pr shows a step like decrease upon 
cooling at 120K [134]. Lorentz microscopy study has indicated that the 
direction of magnetization in a domain changes around this temperature [163] 
and neutron diffraction experiment indicated that the change in magneto-
crystalline anisotropy accompanied by changes in structural parameters [54].  
Later studies indicated structural transition from orthorhombic (Imma) to 
monoclinic (I2/m) phase upon cooling [14].  The Pr-O bond length is found to 
contract around 120 K which signals subtle changes in Pr-O hybridization[54]. 
It is unknown yet whether Pr valance also changes at this temperature [54]. For 
R = Nd, M(T) starts to decrease below 80 K due to the dominance of 
ferrimagnetic interaction between Nd(4f)-Co(3d) sublattices over ferromangetic 
interaction among Co ions [56]. While M(T) of R = Gd samples shows a jump 
at TC = 125 K, M increases rapidly with temperature below 60 K instead of 
showing saturation. This is most likely due to  paramagnetic contribution from 
localized 4f moments of  Gd3+ ions (4f7, S = 7/2, L = 0) [154] [164] [165].  
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Fig. 5.3: Inverse susceptibility (χ-1) of R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, Eu, Gd) 
as a function of temperature.  
 
Figure 5.3 shows the inverse susceptibility (χ-1) for all compounds. All 




 ) is applied in paramagnetic state to calculate the paramagnetic 
Curie temperature (𝜣) and the Curie constant (C). The effective moment is 
calculated using relation 𝜇𝑒𝑓𝑓 = √8𝐶 and found closer to reported by Yoshii et 
al., in R0.5Sr0.5CoO3 [166]. Theoretically, the expected effective moment is  
𝜇𝑒𝑓𝑓 = √0.5 𝜇𝑒𝑓𝑓(𝑅3)
2 + 0.5 𝜇𝑒𝑓𝑓(𝐶𝑜3+)
2 + 0.5 𝜇𝑒𝑓𝑓(𝐶𝑜4+)
2  . The effective 
moment for rare earth ions are (μeff(Nd3+) = 3.5 μB,  μeff(Pr3+) = 3.5 μB,  μeff(Sm3+) 
= 1.5 μB,  μeff(Eu3+) = 3.4 μB, and μeff(Gd3+) = 7.94 μB ,  Spin states of Co3+ and 
Co4+ are estimated. Co3+/Co4+ are in HS/IS state for R = La where LS/LS state 
is found for R = Gd. Values of the Curie constant, effective moment (μeff) and 




Sample TC(K) θ(K) C(Oe-K/emu g




Co3+ spin state Co4+ spin state 
La 252 262.34 0.011 2.00 0.0369 4.41 4.40 HS IS 
Pr 240 256.90 0.0093 1.75 0.0445 3.39 3.3 IS IS 
Nd 228 236.35 0.0089 1.64 0.0506 3.11 3.11 IS IS(75%)+LS(2
5%) 
Sm 183.7 206.27 0.0075 1.36 0.136 3.39 3.54 IS IS 
Eu 158.7 173.32 0.0088 1.39 0.255 3.27 3.19 IS IS(85%)+LS(1
5%) 
Gd 125.6 116.28 0.017 3.6 0.32 0.85 0.64 LS LS 
 
Table 5.2:   Curie temperature (TC), paramagnetic effective magnetic moment 
(µeff) (theoretical and calculated values) and spin state of Co3+ and Co4+ for 
different compounds. 
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Figure 5.4:  Field cooled isotherm magnetization (M-H) curve of R0.5Sr0.5CoO3 (R 
= La, Pr, Nd, Sm, Eu, Gd) at 10 K. Inset: Coercivity and M5T as function of rA. and 




Figure 5.4 shows isotherm magnetization (M-H) curve for all 
compounds at 10 K. M(H) shows a soft ferromagnetic behavior for R = La with 
a small coercive field (HC = 20 Oe) and tendency to saturate above 2 T. The 
coercive field increases with decreasing size of the rare earth ion. The value of 
M at the highest field decreases with the size of R ion with the exception of R = 
Gd for which M at 5 T is higher than other lanthanides.  The saturation 
magnetization is taken as the highest field value of M(H) which is 2μB at 5 T for 
R = La compound.  Same value is reported by  Kumar et al,[167] for 
La0.5Sr0.5CoO3 compound. Ravindarn et al.[168], suggests that Co
3+ and Co4+ 
are  in IS spin states. The reduced value is due to hybridization between Co and 
oxygen. For other compounds, MS decreases with decreasing ionic radius (1.75, 
1.62, 1.36, 1.39 for Pr, Nd, Sm, Eu) but for Gd, M5T (= 3.6μB) is much higher 
than other compounds. The higher value for Gd sample is due to the partial 
alignment of Gd spin (S = 7/2) along the field direction. Brillion function fit for 
M-H curve for paramagnetic Gd3+:4f7 spin suggests that Gd3+ ion contributes to 
a magnetic moment of 2.5 B/f.u at 5 T. After subtraction of this value from the 
measured value at 5 T, we get 1.1 B/f.u, which is the contribution of Co ions.  
This value can be reconciled with the assumption that Co3+ is in a mixture of IS 
(t2g
5eg
1) and LS (t2g
5eg































































Figure 5.5:  (a) Temperature dependence of resistivity (ρ) of R0.5Sr0.5CoO3 (R = 
La, Pr, Nd, Sm, Eu, Gd) under zero and μ0H =5 T field from 350 to 10 K. (b) 
Magnetoresistance (MR) for different rare earth ions. (Inset) ρ(T) of Gd based 
compound at lower temperature under zero field and μ0H = 5 T field. 
 
 Figure 5.5(a) shows resistivity (ρ) as a function of temperature in zero 
field (open symbol) and 5T (closed symbol) for all compounds from 350 to 10 
K. ρ(T,0) decreases linearly in the paramagnetic state and changes slope  at TC  
for R = La. The value of ρ(350K,0) increases as the size of  R ion decreases. In 
general, ρ(T,0) shows metallic behavior in the ferromagnetic state in all the 
samples though it shows a pronounced upturn below 80 K in R =  Gd sample. 
In the presence of 5 T magnetic field, the value of resistivity decreases mostly 
around TC in all the samples with the exception of Gd sample. In the Gd sample, 
the influence of magnetic field extends down to the lowest temperature [the 
inset of Fig. 5.5(b)]. Figure 5.5(b) shows the magnetoresistance (MR) for all 
compounds. MR shows the maximum value around TC. The peak value of MR 
decreases as the rare earth ion size decreases (MR =- 6.2, -5.3, -4.7, -3.9, -3.4 
and -3.2% R = La, Pr, Nd, Sm, Eu and Gd). However, MR for R = Gd sample 
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starts increasing below 70 K and reaches -3.5% at 5 K, which is slightly larger 
than its value at TC.  



















Figure 5.6:  Resistivity (ρ) vs temperature and fits for R0.5Sr0.5CoO3 (R = La and 
Pr) in ferromagnetic and paramagnetic state. 
 
Resistivity in paramagnetic state is linear in temperature (𝜌 = 𝜌0 + 𝜌1𝑇) 
and in ferromagnetic metallic state below TC, ρ(T) follows the equation given 
below 
                                                      𝜌 = 𝜌0 + 𝜌2𝑇
2 + 𝜌4𝑇
4                         (5.1) 
where ρ0 is the residual resistivity due to impurity scattering. T2 term arises 
either due to electron-electron or electron-magnon scattering[141] and T4 term 
is due to spin wave fluctuations, [142].  Figure 5.7 shows the fitting of both 
equations for La and Pr based compounds for clarity. ρ0, ρ2 and ρ4 values for La 
base compound are found 1.36x10-4 Ω cm, 2.92x10-9 Ω cm/ K2 and 1x10-15 Ω 
cm/K4 , respectively. T4 coefficient decreases by one order after applying μ0H 
= 5 T field which implies that spin wave fluctuations are reduced under 
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magnetic field. Coefficients are given in Table 5.3 and very close to reported in 
literature [142]. 
Sample ρ0(Ω cm) ρ2 Ω cm Ρ4 Ω cm         ρ0(Ω cm) ρ1  Ω cm 
La 1.36x10-4 2.92x10-9          1.0x10-15 1.76x10-4 7.06x10-7 
       Pr 2.25x10-4 4.17x10-9          1.0x10-15 2.6x10-4 8.58x10-7 
      Nd       3.0x10-4 5.79x10-9          1.0x10-16 3.47x10-4 1.21x10-6 
       Eu     6.42x10-4 8.1x10-9          1.0x10-16 7.23x10-4 9.9x10-7 
       Sm 4.77x10-4 6.6x10-9          1.0x10-14 5.57x10-4 1.01x10-6 
Gd 9.92x10-4 2.65 x10-9          1.0x10-16 9.17x10-4 1.08x10-6 
 
Table 5.3:  Coefficients: ρ0-residual resistivity, ρ2-prefactor for T
2 term and ρ4 




Figure 5.7(a) shows thermopower (α) for all compounds under μ0H = 0 
T (open symbols) and 5 T (closed symbols) from 350 to down to 10 K.  At 350 
K, α = -2.6μV/K for R = La and it stays negative down to the lowest temperature. 
Upon lowering temperature, α(T, 0) increases linearly as TTC  and shows a 
slope change at TC below which it increases nonlinearly. It shows a broad 
minimum at Tmin = 130 K where it reaches -11.6μV/K and then decreases 
towards zero as T10 K. The sign of  at 350 K changes  from negative for La 
to positive for Pr  and  its value increases as the size of R cation decreases 
((350K) = +1.3, +4.7, +6.5, +9.1 and 8.1μV/K for R = Pr, Nd, Sm, Eu and Gd, 
respectively) except for the Gd sample. Although  is positive at room 
temperature for R = Pr, Nd, Sm, and Eu, it changes sign to negative with 
decreasing temperature. While the sign change in  occurs very close to TC in 
R = Pr and Nd samples, it happens much below TC in Sm and Eu.  However, 
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α(T,0) remains positive in the entire temperature range for R = Gd. Another 
notable feature is the change in the temperature dependence of α(T) above TC. 
(T) initially increases with decreasing temperature as temperature decreases 
from 350 K and goes through a broad maximum above the Curie temperature in 
Sm, Eu and Gd samples in contrast to decrease of α with lowering temperature 










Figure 5.7:  (a) Thermopower (α) of R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, Eu, Gd) 
under zero and μ0H = 5 T field from 350 to 10 K. (b) Magnetothermopwer (∆α) as 
function of temperature. Inset: ∆α/α(%) change for R = La and Gd compounds. 
 
 The applied magnetic field decreases the value of thermopower over a 
window of temperature around TC in all the samples. The magnetic field 
decreases the positive value of α(T,H) in Gd, Eu, and Sm. On the other hand, 
α(T,H) becomes more negative under the magnetic field in La, Pr, and Nd 










































































-6.5μV/K under μ0H =5 T. The sign of thermopower changes  from positive in 
zero field to negative under the magnetic field in Pr and Nd samples (e.g.,  =  
+2.3μV/K in μ0H = 0 T to -0.8μV/K under μ0H =5 T for  Nd sample at T = 221 
K). While the applied magnetic field has negligible impact on α far below TC in 
R = La to Eu, it decreases the value of α even at 10 K in the Gd sample.   
We plot the magnetothermopower [MTEP= ∆α = (H)-(0)] in Fig. 
5.7(b) for all the samples. ∆α shows a peak at TC and its values are -2.25, -1.75, 
3.5, +4.4, +2.56 and +2.4 μV/K for La, Pr, Nd, Sm, Eu and Gd respectively, 
under μ0H = 5 T   Since α(T,H)  does not change sign in zero and under 5 T only 
in La and Gd sample, we show the fractional change α/α(0) in the inset of Fig. 
5.7(b). The MTEP ratio is -47% and -25% for R= La and Gd samples at TC. 
While MTEP ratio is negligible below 200 K in La sample, it increases below 





















































Figure 5.8:  (a) Power factor (α2/ρ) of R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, Eu, Gd) 
as function of temperature. (b) Thermopower (α) fitting in paramagnetic and in 
ferromagnetic state for R = Pr, La. 
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Figure 5.8(a) shows power factor (PF =α2/ρ) for all compounds. For R 
= La, PF shows a slope change near TC and goes through a maximum around 
100 K where it reaches 0.75 μW/cm K2 , which is two order smaller than 
NaxCoO2 reported by Kishan et al., [169]. For Pr, Sm and Nd samples, PF also 
shows a slope change near TC followed by a maximum at 98, 85 and 70 K with 
magnitude of 0.15, 0.21 and 0.3 μW/cm K2 respectively.  For Eu and Gd based 
compound, PF shows maxima at 216 and 265 K with magnitude of 0.11 and 
0.13 μW/cm K2 respectively.  
 At higher temperature in paramagnetic state, thermopower has two 
contributions. First is due to diffusion which is proportional to temperature and 
another is due to phonon scattering which is inversely proportional to 
temperature. The combined effect of both on thermopower can be written as 
follow: 




                                       (5.2) 
where α1׳׳ and α-1׳׳ are constants and related to diffusion and phonon scattering, 
respectively. At low temperature in ferromagnetic state, α(T) follows the 
equation given below   
                                       𝛼 = 𝛼0 + 𝛼2𝑇
2 + 𝛼4𝑇
4                                (5.3) 
where α0, α2, and α4 are constant. The second term is either due to electron-
electron or electron magnon scattering and the third term is due to spin wave 
fluctuation near TC [146]. Both above equations fitted with experimental data as 
shown in Fig. 5.8(b) for Pr and La based compound. Below 100 K, Phonon part 
shows strong effect on thermopower and α(T) follows the equation given below: 
                                             𝛼 = 𝛼1
′ 𝑇 + 𝛼2
′ 𝑇2 + 𝛼3
′ 𝑇3                              (5.4) 
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where α׳1, α׳2, and α׳3 are constant. The first term represents diffusion part, the 
second term is either due to electron-electron or electron-magnon scattering and 
the third term represents phonon contribution in thermopower. Equation 4 fitted 
to experimental data below 100 K as shown in Fig. 5.8(b). 
 
 
Table 5.4: Fitting parameter for theropower (α) in paramagnetic and 
ferromagnetic state for R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, Eu, Gd). 
 
5.3.4 Correlation between resistivity and thermopower: 
 
Figure 5.9(a)-(c) shows the correlation between ρ(T) and α(T) for 
selected compounds (La, Sm, Gd). For La compound, while ρ(T) decreases 
linearly in paramagnetic state and shows slope change at TC, α(T) mimics the 
nature in paramagnetic state and decreases linearly and shows slope change  at 
TC  same as ρ(T). Under μ0H = 5 T field, both quantities show large effect near 
TC and appreciable decrease is observed as shown in Fig. 5.9(a). For Sm and Gd 
based compounds, while ρ(T) decreases linearly in paramagnetic state and 
shows slope change at TC, α(T) increases with decreasing temperature and 
shows broad maxima around  248 and  240 K with magnitude of  9.6 and 12.3 
μV/K for Sm and Gd based compounds respectively, as shown Fig. 5.9(b-c).  















Sm -0.44 0.0034 -3.56x10-6 -10 1 x10-8 1.5 x10-8 -0.0075 3334 
La -0.18 0.0010 -1.46x10-6 -10.2 1 x10-8 1.5 x10-9 0.012 - 
Eu -0.08 0.0002 4.16x10-6 -1.8 1.5 x10-8 1.45 x10-8 -2 x10-4 3250 
Gd    2.9 1 x10-8 4.0 x10-8 -0.02 6147 
Pr -0.15 0.001 -1.58x10-6 -6.3 1 x10-8 1.9 x10-9 0.0089  


























































             
        Figure 5.9:  Correlation between ρ(T) and α(T) for R0.5Sr0.5CoO3 (R = La, 
Sm, Gd). 
 
α(T,H) show appreciable change around TC for both compounds and 
interestingly for Gd compound, field effect is observed until lower temperature 










Figure 5.10:  (a, b, d, e) Resistivity [ρ(H)]  and thermopower [α(H)]  as function of 
applied field near TC  for R0.5Sr0.5CoO3. (R = La, Gd). (c, f) Correlation between 






































































For metallic system, correlation between ρ(T) and α(T) has been 
established by Mott and represented by equation given below: 







]𝜀=𝜀𝐹                        (5.5) 
For granular alloys and also magnetic/non-magnetic multilayers, the linear 
dependency of the thermopower on the conductivity under an applied magnetic 
field has been observed [151]. 
                                                                                           (5.6)            
 
 Figure 5.10(a-f) shows the correlation between magnetoresistance (MR) and 
magnto thermopower (MTEP) for La and Gd based compounds respectively. 
Fig. 5.10(a, b, d, e) shows ρ(T, H) and α(T, H) as function of applied field near 
TC for La and Gd based compounds. MR and MTEP is calculated by using ρ-H 
and α-H curve.  A linear relation is observed between MR and MTEP near TC 











































In Figure 5.11(a), we show the field-cooled magnetization (M) of Nd0.5-
xPrxSr0.5CoO3 (x=0.0, 0.2, 0.3, 0.4, and 0.5) with temperature under μ0H =1 kOe. 
The end compound x = 0.5 is ferromagnetic below TC = 232 K and it shows an 
anomaly in the form of a steplike decrease around 120 K, which is caused by 
the change in magnetic anisotropy accompanied by orthorhombic to monoclinic 
structural transition [129]. The TC shifts up as Nd
3+ is replaced by Pr3+ (see the 
top inset for clarity). Interestingly, M(T) of x = 0.4 shows three magnetic phase 
transitions: A sharp increase at TC = 227 K due to the paramagnetic- 














































































































Figure 5.11:  (a) Temperature dependence of magnetization (M) for Nd0.5-x 
PrxSr0.5CoO3 (x = 0.0, 0.2, 0.3, 0.4, and 0.5). TA: structural and spin reorientation 
transition temperature. Bottom inset: enlarged view of M(T) at low temperature. 
Top inset: ferromagnetic Curie temperature (TC) and ferrimagnetic transition 
temperature (T*) as a function of Pr content (x). (b) Resistivity under zero field 




is reminiscent of the anomaly of x = 0.5, followed by a decrease of M(T) below 
T* = 35 K. The latter anomaly is the consequence of ferrimagnetic interaction 
between Nd (4f) and Co (3d) lattices[56]. We show the behavior of low 
temperature M(T) in the expanded scale in the bottom inset. The steplike 
increase disappears for x = 0.3 sample. We have plotted TC and T* versus doping 
in the top inset of Fig. 5.11(a). The TC increases by 8 K as the Pr content 
increases from 0 to 0.5. On the contrary, T* decreases from 80 K for x = 0.0 to 
35 K for x = 0.4. The presence of paramagnetic Pr3+:4f2 obstructs the 
polarization of Nd3+:4f3 moments and with increasing Pr3+ content, T* shifts 
towards lower temperature even though TC increases. 
  Figure 5.11(b) shows the temperature dependence of the resistivity 
ρ(T), for all the samples both under μ0H = 0 T (Symbols) and μ0H = 5 T (lines). 
ρ(T) of all the samples shows metallic behavior from 310 K down to 10 K with 
a change of slope at TC . No clear anomaly is visible at TA or T*. In an applied 
field of μ0H = 5 T, the resistivity in the vicinity of TC decreases in magnitude 
and hence negative magnetoresistance occurs. We show the magnetoresistance 
(-∆ρ/ρ) as a function of temperature for specific samples in the inset.  MR 
increases from 4.8% for Nd (x = 0) to 5.4% for Pr (x = 0.5).   
 Fig. 5.11(c) shows (T) in zero field from 350 to 10 K.  The value of  
at 350 K decreases with increasing Pr content. (T) shows a similar behavior in 
all the samples: change of slope at TC, and a minimum in the low temperature 
and approach towards zero at 10 K. The anomaly found in the spin sector does 





5.5 Magnetocaloric effect (MCE): 
 
 In this section we have studied the magnetic caloric effect of specific 
compounds (Nd and Gd) due to their peculiar behavior in magnetization. For 
Nd compound, M-T shows down term in magnetization much below TC. The 
down term is attributed to ferrimagnetic coupling. For Gd compound, M-T 
shows upturn around 60 K, below the TC. The upturn is attribute to parallel 
alignment of Gd moment along the field direction. Effect of these peculiar 
nature on magnetocaloric effect (MCE) is studied.  
Figure 5.12:  (a) Magnetization isotherms (M-H) curve at selected temperatures. 
(b) Magnetic entropy change (-∆Sm) as a function of temperature for different 
applied magnetic fields (H). (c) Field dependence of -∆Sm at TC and at 15 K. (d) 
Refrigeration capacity (RC) as a function of magnetic field. 
 
Figure 5.12(a) shows M-H isotherms in the first quadrant. Although we 
have taken M(H) at each 5 K interval in the temperature range 10 K to 300 K, 
we show the data only at selected temperatures for clarity. In the paramagnetic 





























































































state (T>230 K), M increases linearly with H but as T decreases below TC, M(H) 
shows a rapid increase at low fields as expected for a ferromagnet. As the 
temperature decreases below 80 K, M decreases in magnitude in the entire field 
range. From the M(H) isotherm data , we calculated ∆Sm which is plotted as a 
function of temperature for different values of H in Fig. 5.12(b). The -∆Sm 
increases with lowering temperature from T > TC and exhibits a peak at TC and 
then decreases. Interestingly, -∆Sm crosses zero around 80 K and becomes 
negative at lower temperatures. The field dependence of the ∆Sm at the TC and 
at 15 K is plotted in the inset of Fig. 5.12(c). The ∆Sm varies linearly with the 
field at both these temperatures. The ∆Sm reaches a maximum value of -2.3 J/Kg 
K for μ0∆H = 5 T at the TC and +1.8 J/Kg K at 15 K. The observed value of the 
MCE at the Curie temperature in our sample is comparable to the value obtained 
(-∆Sm = 1.9 J/kg K for μ0∆H =7 T) for Na doped La0.75Sr0.25 CoO3[170]. The 
MCE in cobaltite at TC is smaller in magnitude compared to manganites and this 
could be due to smaller saturation magnetization, different origin of 
ferromagnetism (band ferromagnetism), and weak spin-lattice coupling at TC in 
cobaltites. The ∆Sm value in the titled compound is also smaller than the values 
found in the giant magneto caloric compounds such as Gd5(Ge,Si)4, 
MnFeP(As,Ge,Si), La(Fe,Si)13.[171] However, all these compounds undergo 
first-order magnetic phase transition as a function of temperature and magnetic 
field in contrast to the second-order phase transition shown by the cobaltite 
sample.   There is no earlier report of the coexistence of normal MCE (-∆Sm is 
positive) and inverse MCE (-∆Sm is negative) in a single phase cobaltite. The 
coexistence of both normal and inverse magneto caloric effects in a single phase 
compound is interesting because it can be cooled by adiabatic magnetization in 
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the low temperature region and by adiabatic demagnetization above 80 K. The 
refrigeration capacity ( 𝑅𝐶 = ∫ ∆𝑆𝑑𝑇
𝑇2
𝑇1
) which is practically important and 
measures heat transfer between hot and cold reservoirs maintained at 
temperature T1 and T2, is found 87.5 J/Kg for μ0∆H = 5 T. Here, ∆T = T1-T2 is 
the full width at half maximum. Unlike in manganite’s, where the inverse MCE 
appears in the antiferromagnetic state[172], the inverse MCE occurs in the 
ferromagnetic state in the cobaltite compound studied here. Some Heusler 
ferromagnetic alloys undergoing austentite to martensite transition do show 
inverse MCE due to smaller magnetization in the low temperature martensite 
phase compared to the high temperature austentite phase[173]. However, a large 
hysteresis in M-H and M-T in these compounds are not preferable for practical 
applications. In our compound, the inverse MCE is caused by the 4f-3d 
interaction and the hysteresis in M(T) and M(H) is negligible. 
Figure 5.13: (a) Arrot plot (H/M versus M2) of the compound. (b) ∆Sm versus M2. 
(c) Temperature dependence of the spontaneous magnetization (Ms) and the 
inverse susceptibility (χ-1) obtained from the Arrot plot (see the text for details). 
(d) A comparison of (Ms) values obtained from the Arrot plot (circle) and ∆Sm 
versus M2 graph.  









































































 From H/M vs M2















From the isothermal magnetization data presented in Fig. 5.12(a), we 
plot μ0H/M versus M2 (Arrott plots) in Fig. 5.13(a) for analysis of critical 
exponents associated with the phase transition. All the Arrott plots show a 
positive slope below and above TC, which indicates that the paramagnetic to 
ferromagnetic transition is second-order in this compound. The exponents, β 
and γ have been obtained from the Eqs. (7) and (8) presenting spontaneous 
magnetization MS(T) below TC and initial inverse susceptibility χ-1 (T) above TC, 
respectively. The critical isotherm exponent δ can be obtained from Eq. (9) from 
the slope of the log(M) versus log(μ0H) plot at TC. 
lim
𝐻→0
𝑀 = 𝑀𝑆(𝑇) = 𝑀0(
(𝑇𝐶−𝑇)
𝑇𝐶











)𝛾   , 𝑇 > 𝑇𝐶               (5.8) 
𝑀 = 𝐷𝐻
1
𝛿,      𝑇 = 𝑇𝐶                                     (5.9) 
Where M0, (h0/M0), and D are the critical amplitudes. The three critical 
exponents are connected by Widom scaling relation δ = 1+(γ/β). The 
spontaneous magnetization value Ms(T,0) and inverse initial susceptibility 
𝜒0
−1(𝑇) have been obtained by extrapolating the Arrott plots (Fig. 5.13(a)) to 
μ0H/M = 0 for T < TC and M 2= 0 for T > TC. Fitting these values to Eqs. (7) and 
(8), we obtained TC = 232 K, β = 0.42, and γ = 1.13. From this, we calculated 
the value of δ = 3.69. The obtained critical exponents are closer to values 
predicted by the mean field model (β = 0.5, γ = 1, and δ = 3).[174] 
 The dependence of the magnetic entropy change ∆S(Ms) on the relative 
magnetization in the limit of small M in the mean field mode is written as [175]: 
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2(𝑇)]                                        
(10) 
Where Ms(T) is spontaneous magnetization at temperature T and CM is the Curie 
constant. Equation (10) shows that isothermal -∆SM versus M2 plots in the 
ferromagnetic region should exhibit a linear variation with nearly same slope 
throughout the ferromagnetic region, as observed in Fig. 5.13(b). The Ms(T) is 
obtained from the linear extrapolation of the (-∆SM) versus M2 curves to M2 = 0 
for T < TC. The Fig. 5.13(d) compares the magnetic entropy change (-∆Sm) 
calculated from this plot and the values obtained from (H/M) vs M2 (Arrott plot). 
Both the data follow the same temperature dependence and closely agree with 
each other. The close agreement between these two methods suggests that the 
magnetic behavior of the studied compound is well described by the mean field 
theory. 

















































Figure 5.14:  (a) Magnetization isotherms (M-H) curve of Gd0.5Sr0.5CoO3 at 
different temperatures. (b) Magnetic entropy change (-∆Sm) as a function of 
temperature for different applied magnetic fields (H). 
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Figure 5.14(a) shows M-H isotherm in first quadrant for Gd based 
compound from 3 K to 10 K with interval of 1 K and from 10 K to 170 K with 
interval of 5 K. M increases linearly with the field above TC. Below TC the sharp 
increases at low fields is suppressed by a large variation at higher fields and M 
does not show saturation. From measured M-H isotherms, ∆Sm is calculated as 
function of temperature with different field (H) as shown in Fig. 5.14(b). ∆Sm  
increases as TC is approached from above and goes through a peak value  -1.5 
J/kg-K for μ0∆H = 5 T  at TC and then decreases. However, ∆Sm increases again 
below 70 K and reaches a maximum value at 8 K where ∆Sm = -12 J/kg-K. The 
value is comparable to reported in literature for Gd5(Si2Ge2) (∆Sm = -18 J/kg-K 
for μ0∆H = 5 T field) [108], MnFeP0.45As0.55 (∆Sm = -18 J/kg-K) [109] 
compounds. The large values for these compounds observed due to first-order 
para to ferromagnetic transition and first order phase transition respectively.  
Figure 5.15: (a) Arrot plot (M2 vs μ0H/M) of Gd0.5Sr0.5CoO3 (b) Temperature 
dependence of the spontaneous magnetization Ms(T) and (c) the inverse 
susceptibility (χ-1) obtained from the Arrot plot. 
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Perovskite manganite’s have also shown same order of ∆Sm value for a wide 
temperature range [176]. The large value of ∆Sm in Gd0.5Sr0.5CoO3 at low 
temperature is due to partial alignment of Gd:4f7 spinal along the field direction. 
Figure 5.15(a) shows Arrot plots of the compound near TC. Arrot plots 
show positive slope above and below TC which is a signature of a second order 
paramagnetic to ferromagnetic transition. Critical exponents are calculated 
using eq. (7-9) given above. β and γ values are found 0.4 and 0.95 respectively 
and δ value is calculated by using Widom relation (δ = 1+(γ/β)) and is found 




It is found that TC decreases with decreasing size of the rare earth ions. 
In perovskite oxides with the general formula ABO3, TC is dependent on the 
one-electron bandwidth(W) which depends on the B-O-B bond angle (), and 








Here, (-)/2 is the "tilt" angle.   As the average ionic radius of the A-site cation 
that includes that of the rare earth and divalent alkaline earth ions decreases,  
increases and hence the bandwidth decreases.  However, with narrowing Co-O-
Co bond angle, crystal field splitting between eg and t2g levels also increases. 
Then, sizable fraction of IS-Co3+ tends to adopt LS-Co3+ state which leads to 
depopulation of electrons at the eg level. Thus, Co
3+/Co4+ ions take LS/LS states 
in Gd0.5Sr0.5CoO3 whereas they are in HS/LS state in La0.5Sr0.5CoO3. The 
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change in the spin state of Co3+ ions with decreasing ionic radius of R ions 
directly influences the spontaneous magnetization at 10 K which decreases as 
the rare earth ion size decreases if we subtract the contribution of the rare earth 
ions. The combination of IS-Co3+ or HS-Co3+ with LS-Co4+ provides electrical 
network for transport of charge carriers (eg-electron or hole).  Partial or 
complete transformation of IS or HS-Co3+ into non-magnetic LS-Co3+ not only 
affects the magnetization but it also disturbs the electrical network.  We believe 
that Gd0.5Sr0.5CoO3 is magnetically and electrically highly inhomogeneous in 
which with semiconducting clusters of LS-Co3+ -LS-Co4+ are dispersed in 
metallic IS-Co3+-LS-Co4+ matrix at high temperature. As the temperature 
decreases, IS-Co3+ in the metallic matrix partially transforms into LS-Co3+ and 
the remaining region with IS-Co3+-LS-Co4+ become ferromagnetic.  
  MR decreases with decreasing ionic radius. The gradual decrease of 
MR with rare earth ion radius is consistent with reduction of Co-O-Co bond 
angle as well as band width. Hopping of charge will decreases as Co-O-Co bond 
angle deviates from 180 degree and causes to low MR at TC. The role of 
magnetic field is to align the spins of these adjacent Co ions so that hopping 
probability increases which cause to resistivity decreases and give rise to MR at 
TC. Interestingly, Gd based compound MR shows peak around TC and then starts 
increasing gradually at low temperature.  At low temperature, Gd3+ sublattice 
influences the Co ions clusters and provokes an increase in size of hole region 
in the system which causes to decrease the hopping probability of carriers. Later 
some reports have shown low temperature MR in low doped La1-xSrxCoO3 
series[67] [14], and interpreted this large negative MR at low temperature in 
terms of short range FM cluster model. Co3+ and Co4+ ions in the hole rich 
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clusters aligned parallel to field to enhances the hopping of charge and cause to 
large MR at low temperature.  
The negative sign of  in the entire temperature range for R = La sample 
suggests that electrons are the majority carriers in this wide band width 
cobaltite. On the other hand, in narrow band width R= Gd sample, holes are the 
majority carriers of the heat and they are responsible for the positive  observed 
in the whole temperature.  For other rare earth ions, a change in the sign of 
thermopower with decreasing temperature is found.  Thus, the electronic band 
structure seems to be varying systematically with reducing size of the rare earth 
ion.  Apart from band narrowing with decreasing rare earth size, change in the 
spin-state of Co ions could play important role. In La sample, Co3+/Co4+ are in 
HS/IS states whereas LS/LS states are realized in Gd sample. 
 
 
   
5.7 Summary: 
 
The important results of this chapter are summarized as below: 
1. With decreasing ionic radius of rare earth (rR) in R0.5Sr0.5CoO3 ,  the 
ferromagnetic Curie temperature (TC ) decreases (TC =  252K for R = La  
having rLa = 1.21A°  and  130 K for R = Gd having rGd = 1.10A°).   
2. Rare earth ionic radius also influences saturation magnetization (MS) 
and coercivity (HC) of the system. For R0.5Sr0.5CoO3, HC changes from 
0.0369 T for R = La (rLa = 1.21A°) to 0.32T for R = Gd (rGd = 1.10A°). 
MS decreases from 1.98μB/f.u. for R = La to 1.36 μB/f.u for R = Eu. 
 171 
 
Interestingly, For R = Gd, MS reaches 3.57 μB/f.u. The enhancement in 
MS is due to alignment of Gd moment along the field direction.  
3. All the samples are metallic in the paramagnetic and in the 
ferromagnetic states. However, the resistivity value at room temperature 
and at 10 K increases with decreasing size of the rare earth.   
4. Magnetoresistance (MR) decreases with decreasing ionic radius. For R 
= La (rLa = 1.21A°), MR = -6.2% at TC and decreases to -3.2 % for R = 
Gd compound. Interestingly, MR for the Gd sample increases below TC 
and reaches -3.5% at 5 K.   
5. While thermopower () is negative from 350 K down to 10 K in 
La0.5Sr0.5CoO3, it is positive in the entire temperature range for 
Gd0.5Sr0.5CoO3.  For other rare earth ions, α changes sign with 
decreasing temperature, from positive at high temperature to negative at 
low temperature.  The sign change is not necessarily connected with the 
onset of ferromagnetism.     
6. Effect of magnetic field on thermopower is studied in all the samples.  
The external magnetic field affects the value of thermopower mostly 
around TC in all the samples. However, the influence of magnetic field 
extends down to the lowest temperature in Gd sample. While the 
magnetic field decreases the positive value of α around TC in Gd sample, 
it makes a more negative compared to zero field value in La sample.  
The magnetic field changes sign from positive to negative in Pr and Nd 
samples.   Magneto thermopower (MTEP) ratio is 47, 35 and 25% 
change for La, Eu and Gd based compounds at TC. The MTEP ratio 
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shows a peak value of 56% at 33 K (< TC) in Gd sample and decreases 
towards zero as T deceases further. 
 
7. Magneto caloric effect (MCE) is studied for R= La, Nd, Gd samples. 
Nd0.5Sr0.5CoO3 shows normal MCE above 60 K and inverse MCE at 
lower temperatures. The inverse MCE is due ferrimagnetic interaction 
between Nd and Co sublattices.  In Gd sample, the magnetic entropy 
change (-Sm) reaches a maximum value of 12 J/Kg.K at 5 K..  The large 
magnetic entropy change in Gd sample is due to paramagnetic 
contribution from the Gd: 4f spins. 
 
It is suggested that the obtained results can be qualitatively understood 
as the consequence of narrowing of band width (both eg and t2g bands) 
and spin-state transition of Co3+ ions with decreasing size of the rare 












Chapter 6: Conclusion and future work 
 
 
In the present thesis, we have investigated magnetization, resistivity, 
magnetoresistance (MR), thermopower, magneto thermopower and 
magnetocaloric effect in Nd1-xSrxCoO3 (0 ≤ x ≤ 0.5), Nd1-y-xLaxSryCoO3 (x = 0.0-
0.8 for y = 0.2 and x = 0.0-0.7 for y = 0.3), and R0.5Sr0.5CoO3 (R = La, Pr, Nd, 
Sm, Eu, Gd). In Nd1-xSrxCoO3 series, we have investigated field effect on 
ferrimagnetic coupling (T*) in selected compositons, magnetoresistance and 
magneto thermopower. Interestingly, ferrimagnetic coupling can be enhanced 
with field or even reversal also occurs i.e. Nd3+(4f) moment starts align along 
field direction. Although MR is very small (≈5 %) large magneto thermopower 
is observed (≈40 % for x = 0.4). Investigations of thermoelectric properties have 
revealed that varying the Sr content can affect the sign of thermopower and its 
behaviour with varying temperature and magnetic field. 
 The other important findings in this thesis work have already been 
discussed in the conclusion part of each chapter. In this chapter, overall view of 
the present work is summarized along with the future scope of this work.  
6.1 Conclusion: 
 
6.1.1 Magnetoresistance and magnetothermopower in Nd1-
xSrxCoO3 
  
We have studied magnetization, DC transport and thermo electrical properties 
of Nd1-xSrxCoO3 (NDSCO) (0 ≤ x ≤ 0.5). Important conclusions are as follow: 
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1. Magnetization studies of NDSCO shows the effect of Sr doping on 
ferrimagnetic coupling (T*) between Nd3+(4f) and Co(3d) ions. 
Ferrimagentic coupling shifts from 29 K (for x = 0.2) to 80 K (for x = 
0.5). Magnetic field effect on T* is also studied for specific composition 
(x = 0.2, 0.3, 0.5). For x = 0.2, T* first shifts to lower to temperature 
until μ0H =1 T and then for μ0H ≥ 3 T, reversal occurs i.e. magnetization 
starts increasing with temperature. For x = 0.3, T* increases with 
increasing field strength until μ0H =1 T and for μ0H ≥ 7 T, reversal 
occurs. For x = 0.5, T* shifts to higher temperature unitl μ0H = 2.6 T 
and then starts decreasing to lower temperature with increasing field 
strength. No reversal is observed until μ0H=7 T.  
2. Resistivity shows semiconductor behavior (
𝑑𝜌
𝑑𝑇




> 0) for (0.3 ≤ x ≤ 0.5). MR is studied and found 
negligible value for semiconductor compositions. Small value of MR is 
found in metallic compositions and it reaches 4.8% for x = 0.5 
composition. 
3.  Thermopower is studied from 350 K to 10 K for all compositions. α(T) 
stays positive and for (x  ≤  0.3) and sign change occurs for (x ≥ 0.4) 
with temperature. For semiconductor samples, α(T) goes through a 
maxima with temperature. The maxima attributed to change in electrical 
conduction. α(T) for metallic compositions (x ≤ 0.4) also goes through a 
broad maxima at lower temperature. Magnetic field effect on α(T, H) is 
studied. For semiconductor samples, α(T, H) does not have field effect 
and for metallic samples, it shows large effect near TC. For x = 0.4 
composition, α(T, H)  reduces 40 % with application of μ0H = 5 T field 
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at TC. Interestingly, α(T, H) changes sign with application of field near 
TC. 
6.1.2 Electrical, magnetic and thermal properties of Nd0.8-
xLaxSr0.2CoO3, Nd0.7-xLaxSr0.3CoO3 and Nd0.5-xLaxSr0.5CoO3 
series 
 
We have studied the band width effect on electrical, magnetic thermal 
properties in Nd1-y-xLaxSryCoO3 (x = 0-0.8 for y = 0.2, x =0-0.7 for y = 0.3 and 
x = 0-0.5 for y = 0.5). Band width enhances with La doping. The some 
important conclusions are as follow: 
1. TC shifts to higher temperature with La3+ doping. For y = 0.2 series, T* 
enhances until critical La doping (= 55 K for x = 0.6) and then decreases. 
For y = 0.3, T* reaches to 69 K for x = 0.4 composition and then 
decreases with La3+ doping. For y = 0.5, T* reaches until x = 0.3 and 
then starts decreases. 
2. For y = 0.2 series, resistivity shows semiconductor behavior. With La3+ 
doping, metal insulator transition occurs for 0.3 ≤ x ≤ 0.5. For x ≥ 0.6, 
system stays in metallic state throughout temperature region. For y = 0.5 
series, system stays in metallic state. 
3. Magnetic field effect on resistivity is studied. For y = 0.2 series, ρ(T) for 
parent compound shows weak field effect near TC and MR is observed 
1.5%. With La3+ doping MR enhances at TC and reaches 9 % for x = 0.8 
compound. For y = 0.3 series, parent compound shows 3.2 % MR which 
reaches 6.2 % with La3+ doping.  For y = 0.5 series, MR does not changes 
much. It changes from 5.4(x = 0) to 6.1% (x = 0.5). 
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4.  Thermopower is studied for all compositions. For y = 0.2 series, α(T) 
stays positive throughout temperature range. For parent compound, α(T) 
goes through a maxima in paramagnetic state and it shifts to higher 
temperature with La3+ doping.  For y = 0.3 series, α(T) stays positive for 
parent compound and sign change occurs for x ≥ 0.3 with temperature. 
For y = 0.5 series, α(T) stays positive at room temperature and sign 
change occurs near TC. For x ≥ 0.2, α(T) stays negative throughout 
temperature range.  
5. Field effect on α(T, H) for specific compositions. For y = 0.2 series, α(T, 
H) does not show any field effect. With La3+ doping, α(T, H) shows field 
effect near TC. α(T, H) reduces 25 % for x = 0.8 compound at TC. For y 
= 0.2 series, parent compound shows 11 % decrement in  α(T, H) which 
increases and reaches 68 % for x = 0.7 compound. Interestingly, for x = 
0.7 composition, α(T, H) changes sign with field i.e. goes from positive 
value to negative value near TC. For y = 0.5 series, parent compound 
shows sign change near TC with application of field. Interestingly for x 
= 0.5, α(T, H) enhances with application of magnetic field and reaches 
47 %. 
 
6.1.3 Physical properties of R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, 
Eu, Gd) and Nd0.5-xPrxSr0.5CoO3 
 
We have investigated electrical, magnetic, thermal and magnetocaloric effect of  
R0.5Sr0.5CoO3 (R = La, Pr, Nd, Sm, Eu, Gd). The important results are 
highlighted here.  
1. Magnetization data shows decrement in TC with decreasing ionic radius.  
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2. For all samples, ρ(T) shows metallic nature throughout temperature 
region except Gd based compound where ρ(T) shows upturn below 80 
K.  
3. MR is observed near TC for all samples and decreases with decreasing 
ionic radius. Interestingly for Gd based compound, MR shows peak at 
TC and then increases until lower temperature. 
4. Thermopower is studied for all compositions. For La based compound, 
α(T) stays negative throughout temperature range and sign change 
occurs with decreasing ionic radius. For Gd based compound, α(T) 
shows positive value throughout temperature range. 
5. Magneto thermopower is studied for all compounds. Large effect is 
observed near TC. Interstingly for La based compound, α(T, H) shows 
enhancement with application of field. Nd and Pr based compound 
shows sign change in α(T, H) is observed neat TC with application of 
field. For Gd based compound, α(T, H) shows field effect until lower 
temperature. 
6. Effect of substitution of Nd3+ by Pr3+ is studied. Although TC shifts to 
higher temperature but, T* shifts to lower temperature [3]. 
7. Magnetocaloric effect (MCE) is studied for Nd and Gd based 
compounds. Interstingly, Nd based compound shows normal and inverse 
MCE in sample composition. First report for pervoskite cobaltite’s to 
have both effect in same composition [4]. Gd based compound shows 
large value of ∆Sm (-12 J/kg K) at low temperature. Value is comparable 
to commercial available compounds. 
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6.2 Future work 
 
In this thesis work, various interesting properties of pervoskite cobaltite are 
studied using different techniques. However, there are many open questions 
required to be answered by performing further experiments and analysis, are 
listed below. 
1. Apart from the simplistic explanation that the origin of T* within the 
ferromagnetic state is due to Nd(4f)-Co(3d) ferrimagnetic interaction, 
we have to know the conditions that leads to polarization of Nd(4f) 
moments by  the exchange field of Co(3d) sublattice. It is not usual to 
see such a behavior in ferromagnetic conduction oxides. The possibility 
of 4f-2p-3d hybridization and its consequence need to be studied, 
possibly by high energy spectroscopies. We have to also know whether 
the 5d conduction electrons are involved in mediating the exchange 
interaction between 4f and 3d moments. 
2. The origin of the large coercivity around x = 0.2 in Nd1-xSrxCoO3 need 
to be probed. Techniques such as Lorentz microscopy and Magnetic 
Force Microscopy working in cryogeneic environment will be useful to 
image the nature of magnetic domains and its relation to the observed 
coercivity. 
3. A fundamental question related to themopower results. The origin of 
sign change with decreasing temperature found in many compounds. We 
need to whether this is caused by change in the band structure with 




4. While the resistivity continues to increase above TC in some of the 
compounds, thermopower goes through a broad maximum instead of 
increasing linearly.  Its origin is not fully understood. 
5. While hysteresis found in M(T) of Nd0.7-xLaxSr0.3CoO3 (x = 0.35, and 
0.4) is related to changes in lattice parameters as suggested by 
preliminary neutron diffractions study, the exact mechanisms of the 
hysteresis is not known. We need to know whether spin-state transition 
occurs with lowering temperature in these two compositions.      
6. Direct probe of spin state of Co ions in the paramagnetic as well its 
temperature dependence is preferred. Mossbauer spectroscopy can be 
used for this purpose. Other techniques need to be pursued. 
7. It would be interesting to study the figure of merit (ZT) for specific 
compositions who show higher value of power factor. 
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